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FOREWORD 


The  space,  atmospheric,  and  terrestrial  environments  influence  the  functioning  of  all  Air  Force  systems.  As  technology 
advances,  the  role  of  'he  enviroment  becomes  more  important  to  system  performance.  In  many  cases,  the  environment 
determines  the  limit  in  technical  capability.  This  Handbook  reflects  the  world  of  geophysics  as  honed  and  shaped  by  the 
special  needs  of  the  Air  Force. 

Today's  operational  systems  were  designed  with  the  environmental  knowledge  made  available  by  the  Air  Force  Geophysics 
Laboratory  and  its  predecessor,  the  Air  Force  Cambridge  Research  Laboratories.  Tomorrow’s  Air  Force  depends  on  the 
quality  and  breadth  of  today's  research  as  reflected  in  this  Handbook.  Although  written  primarily  by  Air  Force  Geophysics 
Laboratory  scientists,  this  work  reflects  the  .state-of-knowledge  of  thousands  of  collaborative  investigators,  both  U.S.  and 
foreign.  It  is  a  mixture  of  basic  research  and  exploratory  development,  and  as  such,  represents  the  entire  range  of  our 
technology  based  efforts  The  very  breadth  of  Air  Force  operations  from  space,  through  the  atmosphere,  to  the  earth  makes 
it  challenging,  exciting,  and  rewarding  to  do  front  line  research  across  this  broad  spectrum  and  to  present  a  useable  summary 
of  the  results  to  a  wide  community  via  this  publication.  This  Handbook  is  one  of  our  deliverable  end  products. 

The  recognition  by  the  Air  Force  of  the  value  of  geophysics  research  to  its  mission  is  clearly  illustrated  in  this  work. 
The  advances  made  by  in-house  scientists,  the  unique  world  class  facilities  created  to  do  this  work,  and  the  excellent  support 
of  space  based  experiments,  all  attest  to  the  long  term  dedication  required  to  advance  our  understanding  of  the  environment. 
Many  significant  players,  military  and  civilian,  have  come  and  gone  since  the  last  issue  of  this  Handbook.  It  is  in  the  context 
of  pride  in  these  peopje  and  pride  in  our  accomplishments  for  our  country  that  we  take  great  pleasure  in  dedicating  this 
book  to  the  twenty-fifth  anniversary  of  the  International  Geophysical  Year. 


a.  <r. 


A.  T.  STAIR.  JR. 
Chief  Scientist 


i.  R.  JOHNSON,  Colonel.  USAF 
Commander 


PREFACE 


This  fourth  edition  of  the  Air  Foite  Handbook  of  Geophysics  and  the  Space  Environment  has  been  complet  .ly  revised. 
It  was  conceived  as  a  commemorative  issue  in  recognition  of  the  twenty-fifth  anniversary  of  the  International  Geophysical 
Year.  This  was  particularly  appropriate  since  the  Air  Force  Geophysics  Laboratory — at  that  time  the  Air  Force  Cambridge 
Research  Center— had  been  an  active  participant  in  the  IGY  in  1957-58  and  the  first  edition  of  the  Handbook  had  been 
published  in  1957.  The  complex  task  of  preparing  this  edition  involved  several  years  of  effort  during  which  time  the  twenty- 
fifth  anniversary  of  the  IGY  occurred. 

The  purpose  of  the  Handbook  remains  the  same,  that  is.  to  provide  Air  Force  designers,  engineers,  and  systems  operators 
with  facts  and  data  about  the  environment  in  which  the  Air  Force  operates.  Extraordinary  progress  has  occurred  in  this 
scientific  field  since  the  first  edition  was  published  due  both  to  rapid  advances  in  computer  capability  and  the  development 
of  large  rockets  and  satellites  which  have  made  available  to  experimenters  platforms  for  upper  atmosphere  and  space  research 
that  did  not  exist  twenty-seven  years  ago. 

The  first  edition  of  the  Handbook  was  published  the  same  year  the  first  artificial  earth  satellite  was  orbited.  At  the  time 
of  the  third  edition,  there  was  considerable  activity  in  space  but  man  had  not  yet  gone  to  the  moon.  Since  the  publication 
of  the  third  edition,  research  in  and  use  of  space  has  grown  at  an  astonishing  pace  and  its  importance  m  man’s  future  is  an 
accepted  fact.  The  Air  Force  has  been  active  in  space  since  the  development  of  intercontinental  ballistic  missiles  and  early 
reconnaissance  satellites,  and  is  preparing  for  an  even  more  active  role  as  the  space  shuttle  becomes  operational.. 

In  keeping  with  the  Air  Force  interest  in  space,  the  format  of  the  Handbook  has  been  arranged  to  give  those  chapters 
dealing  with  the  space  environment  increased  emphasis.  The  fourth  edition  begins  with  chapters  on  the  sun  and  its  emissions, 
then  treats  the  earth's  magnetic  field  and  the  radiation  belts,  and  follows  with  chapters  on  the  ionosphere  and  the  aurora. 
The  subject  of  electrical  charging  of  space  vehicles  has  been  of  special  concern  to  the  Air  Force  and  has  been  included  to 
aid  designers  interested  in  that  problem.  Of  no  less  importance  are  Air  Force  operations  in  the  atmosphere  and  on  the  earth 
itself.  The  next  group  of  chapters  deals  with  properties  of  the  atmosphere,  and  the  Handbook  concludes  with  chapters  on 
the  earth  sciences  and  infrared  astronomy. 

Readers  familiar  with  ear'ier  editions  will  note  that  some  chapters  of  the  older  versions  have  been  deleted,  while  new 
chapters  have  been  added.  The  choice  of  subject  matter  has  been  determined’  primarily  by  changes  in  today’s  Air  Force 
requirements  and  operational  activities.  The  contents  also  are  related  to  the  technical  programs  at  the  Air  Force  Geophysics 
Laboratory  and  reflect  the  expertise  of  the  scientific  staff,  but  .should  not  be  considered  a  technical  report  on  such  programs. 
In  fact,  the  Handbook  is  only  an  introduction  to  several  areas  of  geophysics.  Subjects  such  as  galactic  x  ray  astronomy, 
astrophysics,  planetary  physics,  meteors,  some  aspects  of  atmospheric  pollution,  oceanography,  and  others  not  of  current 
concern  to  the  Air  Force  do  not  appear  here.  Such  subjects  are  covered  very  adequately  elsewhere. 

Numerous  references  have  been  included  in  each  chapter  so  that  the  reader  may  pursue  a  specific  subject  area  to  whatever 
depth  desired.  The  authors  were  not  constrained  by  chapter  format  or  length  but  were  allowed  to  express  themselves  freely. 
As  a  result  the  chapters  ninee  from  brief  statements  on  a  subject  to  textbook  treatment  of  others.  The  Handbook  has  been 
brought  as  up  to  date  as  possible.  Other  government  organizations  such  as  NASA  and  NOAA  have  also  published  surveys 
and  technical  memoranda  that  deal  with  aspects  of  the  atmosphere  and  space  environment.  Together  with  this  Handbook 
they  can  provide  the  reader  with  an  up-to-date  picture  of  our  understanding  of  the  atmosphere  and  the  near-earth  space 
environment. 

A.  S.  J. 
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Radiant  energy  from  the  sun  determines  the  surface  tem¬ 
perature  of  the  earth  and  supplies  virtually  all  the  energy 
for  natural  processes  on  the  earth's  surface  and  in  its  at¬ 
mosphere.  The  sun  is  about  5  x  10'*  years  old  and  geological 
and  paleontological  evidence  indicates  it  has  shone  with  its 
present  intensity  for  about  a  billion  years.  The  solar  radiation 
is,  however,  not  absolutely  constant.  There  are  short-period 
fluctuations  in  ultraviolet  and  x-ray  radiation  and  in  cor- 
puicularemis.sion  that  induce  complex  responses  in  the  earth's 
atmosphere.  In  this  chapter,  solar  characteristics  and  activity 
are  identified;  other  chapters  deal  with  the  geophysical  re¬ 
sponses  themselves.  We  shall  discuss  first  the  <iuiet  sun, 
then  solar  activity. 


1.1  THE  SUN’S  “STEADY-STATE” 
BEHAVIOR  (THE  QUIET  SUN) 

Although  all  observable  solar  features  change  on  time- 
scales  of  seconds  to  days,  the  statistical  description  of  many 
such  features  taken  together  remains  unchanged  over  sub¬ 
stantial  periods  of  time.  These  “steady-state”  features  of  the 
so-called  quiet  sun  are  described  here. 


1.1.1  Basic  Characteristics 

The  sun  is  a  relatively  small,  faint,  cool  star  at  ah  average 
distance  of  1.49  x  10"  km  from  the  earth.  Its  mass  is 
1.99  X  lO”  g.  Composition  of  the  outer  layers  by  mass  is 
approximately  73%  H,  25%  He,  and  2%  other  elements 
[Allen,  1973].  Table  l-l  gives  the  run  of  temperature,  den¬ 
sity,  mass  concentration,  energy  generation,  and  pressure 
as  functions  of  radius  [Allen,  1973).  The  total  solar  lumi¬ 
nosity  is  3.83  X  10”  erg/s. 

A  schematic  cross-section  through  the  sun  is  shown  in 
Figure  l-l .  Energy  is  generated  in  the  solar  core  by  nuclear 
reactions.  The  primary  reaction  is  the  fusion  of  hydrogen 
nuclei  to  form  helium  nuclei  (4H'  He'').  For  every  gram 

of  hydrogen  entering  the  reaction,  0.007  g  is  converted  into 


energy.  To  produce  the  solar  luminosity,  about  4.3  x  10'^ 
g/s  must  be  converted  to  energy. 

The  energy  generated  in  the  core  is  transferred  outward 
b^  radiation.  Because  of  the  high  densities,  the  radiation  is 
absorbed  and  re-emitted  many  times  on  its  outward  journey. 
Radiation  that  began  in  the  core  as  high  energy  gamma  rays 
is  degraded  by  these  successive  absorptions  and  re-emis- 
sions  until  they  Anally  emerge  as  visible  radiation  charac¬ 
teristics  of  the  solar  surface.  However,  the  energy  is  not 
carried  all  the  way  to  the  surface  as  radiation.  As  it  moves 
outward  from  the  core,  the  temperature,  density,  and  pres¬ 
sure  drop.  As  the  temperature  drops,  free  electrons  can  be 
trapped  by  atoms  into  bound  states,  causing  an  increase  in 
the  opacity.  Thus  radiation  becomes  less  effective  in  trans¬ 
porting.  energy.  A  large  temperature  gradient  results  and 


Table  l-l.  Solar  structure  as  function  nf  radius  [Allen.  I973|. 
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T  =  temperature;  p  =  density:  P  =  pressure:  M,  =  mass  within  radius 
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convection  becomes  the  primary  energy  transport  mecha¬ 
nism.  The  exact  depth  at  which  this  occurs  is  model  de¬ 
pendent.  However,  observations  clearly  show  that  this  con- 
vection  zone  reaches  the  solar  surface  and  that  at  least  3  or 
4  scales  of  convection  are  present.  Near  the  solar  surface, 
radiation  can  escape  into  space  and  it  again  becomes  the 
primaty  energy  transport  mechanism. 

Attempts  to  make  accurate  measurements  of  the  solar 


diameter  have  led  to  the  discovery  of  global  solar  oscilla¬ 
tions.  The  observed  periods  agree  approximately  with  the¬ 
oretically  predicted  radial  p-mode  oscillations.  Table  1-2 
compares  some  observed  periods  of  global  oscillations  with 
predictions  ba^d  upon  a  theoretical  solar  model  (Christen- 
sen-Dalsgaard  and  Gough,  1976].  A  summary  of  attempts 
to  measure  global  solar  oscillations  can  be  found  in  Hill 
[1979].  These  modes  of  oscillation  can  be  used  in  a  manner 


Tabic  I  2.  ObM;rvcd  and  theoretical  modes  of  solar  oscillations  fChrislensen-Dalsgaard  and  Gough.  I976|. 
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CHAPTER  1 

analogous  to  terrestrial  seismology  to  probe  the  deep  interior 
of  the  sun.  This  should  eventually  permit  us  to  refine  the 
model  shown  in  Table  1-1  and  place  better  constraints  on 
fiieoretical  models  of  the  solar  interior. 

The  total  solar  irradiance  is  quantitatively  defined  as  the 


amount  of  radiant  energy  at  all  wavelengths  received  per 
unit  time  and  area  at  the  top  of  the  earth’s  atmosphere, 
corrected  to  the  mean  earth-sun  distance,  and  is  customarily 
expressed  in  units  of  watts  per  square  meter  (W/m‘).  The 
term  solar  constant  is  also  used  occasionally  to  denote  this 
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radiant  flux  but  is  somewhat  misleading,  since  the  total  solar 
iiradiance  seems  to  fluctuate  slightly.  The  best  measurement 
to  date  of  the  total  solar  irradiance,  1368  ±  7  W/m*,  was 
obtained  in  1980  using  radiometers  aboard  the  NASA  Solar 
Maximum  Mission  (SMM)  satellite. 

More  than  70%  of  the  solar  irradiance  is  concentrated 
in  the  near  ultraviolet,  visible,  and  near  infrared  portions 
of  the  spectrum  lying  between  the  atmospheric  transmission 
cut-offs  near  0.32  (im  and  1.0  |xm.  Since  most  of  this 
radirii-'n  reaches  the  earth’s  surface,  a  large  fraction  of  its 
energy  enters  the  lower  atmosphere  through  the  evaporation- 
precipitation  cycle  of  water.  About  2%  of  the  solar  irradi- 
aiKe  appears  at  ultraviolet  and  x-ray  wavelengths  shorter 
than  0.32  ^m.  This  radiation  is  all  strongly  absorbed  in  the 
upper  atmosphere  where  it  drives  several  important  pho¬ 
tochemical  reactions,  including  ozone  production.  The  re¬ 
mainder  of  the  solar  irradiance  appears  at  infrared  and  radio 
wavelengths  longer  than  I.O  |xm.  Much  of  this  radiation, 
especially  in  the  infrared,  is  strongly  absorbed  by  atmos¬ 
pheric  water  vapor  and  carbon  dioxide  and  thus  contributes 
to  the  energy  budget  of  the  lower  atmosphere. 

Figure  1-2  illustrates  the  spectral  distribution  of  the  solar 
irradiance.  A  complete  description  of  the  ultraviolet  and 
radio  portions  of  the  solar  irradiance  will  be  found  in  Chap¬ 
ters  2  and  1 1 . 


1.1.2  Solar  Rotation 

The  rotation  period  of  the  sun  is  a  function  of  solar 
latitude,  varying  from  atmut  24  days  at  the  equator  to  34 
days  at  the  pole.  This  variation  is  called  differential  rotation. 
Taking  into  account  the  earth's  orbital  motion,  an  effective 
period  of  27  days  is  usually  satisfactory  for  predicting  ro¬ 
tation  recurrences  of  solar-terrestrial  disturbances.  Because 
the  sun's  axis  of  rotation  is  inclined  only  T  to  the  plane  of 
the  earth's  orbit,  most  of  the  solar  surface  can  be  scanned 
in  the  course  of  one  rotation. 

When  solar  rotation  is  measured  by  following  tracers 
(features  on  the  solar  surface  such  as  sunspots)  one  observes 
faster  rotation  rates  than  from  the  Doppler  shifts  of  solar 
spectral  lines.  Figure  I  -3  shows  the  latitudinal  dependence 
of  rotation  rate  measured  by  tracers  compared  *o  the  Doppler 
shift  of  lines  (Wilcox  and  Howard.  I970|.  Furthermore. 
Doppler  measurements  .show  that  the  differential  rotation 
varies  with  time,  and  seems  to  have  large  eddies  or  cells 
imbedded  in  it.  These  temporal  variations  can  be  as  large 
as  the  variation  in  latitude.  Evidence  has  also  been  found 
for  toroidal  oscillations  superposed  on  the  solar  rotation 
(How^  and  LaBonte.  1980). 

Differential  rotation  probably  has  its  origin  in  the  in¬ 
teraction  between  convection  and  rotation.  This  same  in¬ 
teraction  underlies  most  of  the  magnetic  activity  observed 
on  the  sun  (Section  1.2.2). 


Figure  1-3.  Solar  differential  rotation  for  sunspots  (solid  curve),  large 
scale  photospheric  magnetic  fields  (circles)  and  quiet  pho- 
tosphm  (crosses)  (Wilcox  and  Howard.  1970]. 


1.1.3  The  Solar  Atmosphere 

Because  the  sun  is  gaseous  throughout,  there  is  no  rigid 
boundary  marking  the  start  of  the  atmosphere  and  end  of 
the  interior.  However,  a  definite  optical  boundary,  below 
which  we  cannot  see,  exists  and  is  commonly  referred  to 
as  the  solar  surface.  As  can  be  seen  from  Table  1-1,  the 
solar  temperature  decreases  outward  from  the  core  until  we 
reach  this  optical  surface.  For  a  few  hundred  kilometers 
above  this  level  the  temperature  continues  to  decrease.  How¬ 
ever.  at  about  400  km  one  reaches  the  temperature  mini- . 
mum,  above  which  the  temperature  again  begins  to  increase 
with  increasing  height.  Although  no  rigid  boundaries  exist, 
it  is  convenient  to  divide  the  solar  atmosphere  into  layers 
having  characteristic  temperatures  and  densities.  Moving 
outward  from  the  optical  surface  these  layers  are  known  as 
the  photosphere,  chromosphere,  transition  zone,  and  co¬ 
rona.  Each  of  these  regions  is  discussed  below. 

1.1. 3.1  The  Photosphere.  The  photosphere  is  the  ap¬ 
parent  solar  surface,  with  a  very  sharply  defined  limb,  seen 
by  ordinary  observations  in  white  light.  Its  location  with 
respect  to  other  solar  features  is  shown  in  Figure  1  - 1 .  Its 
diameter,  usually  considered  to  be  the  diameter  of  the  sun, 
is  1.391  X  10*  km,  Practically  all  of  the  solar  mass  is 
contained  within  the  radius  of  the  photosphere.  Figure  1-4 
shows  the  variation  of  temperature,  density,  and  pressure 
in  a  standard  mixfel  of  the  lower  .solar  atmosphere.  Height 
is  given  in  kilometers  above  a  depth  in  the  atmosphere  for 
which  the  probability  of  a  photon  c.scaping  is  I/e.  The  thick¬ 
ness  of  the  photosphere  is  only  about  100  km.  or  0.014% 
of  R..,  where  R„  is  the  solar  radius.  Below  the  photosphere 
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Figure  1-5  PtuMi^sphcpc  gmnulafu'n  and  sunNpiM  MnKturc  phi>li»craphcd 
>Mth  IWi  h  ItKal  length  loucr  !clc%ii*pe  al  lh»‘  Natnmal  Solar 
()KscrNaf«»r\  at  Saer.mvnlo  Peak 


Figure  1-6  VeUvity  spectrohclu»gram  t^Naincd  in  Ca  610.^  A.  Unming 
>upcri’ranu!4Citwi  '.triKiure  tm  M»lar  surfatT  Supcrgranule>  ^a\■c 
dian>cler>  of  aN^ut  .V)  Mm  and  lifclinHTs  of  1-2  dav>. 
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Figure  1-7.  This  schematic  diagram  shuw>  the  honmnial  size  of  vhn«us  mutinns  present  in  the  solar  atmosphere.  Also  shown  is  an  approaimate  range 
for  the  resolution  limit  of  ground-based  observations  The  smaller  sizes  indicated  for  resolution  are  only  achieved  using  special  techniques 
such  as  speckle  inidenimetry  or  active  optical  systems.  Typical  resolution  for  conventional  telescopes  is,  limited  by  turbulence  in  the  terrestrial 
atmosphm  to  approximate  one  arcsecond  or  about  720  km  on  the  siin.  The  scales  shown  with  the  solid  lines  indicate  an  approximate  range, 
while  the  dashed  lines  indicate  sizes  either  predicted  theoretically  or  that  have  been  only  tentatively  observed. 


Because;  the  opaque  gas  composing  the  photosphere  ab¬ 
sorbs  and  reradiates  approximately  as  a  black  body,  the 
photosphere  emits  an  essentially  continuous  spectrum,  or 
continuum.  Sharply  tuned  absorptions  by  the  various  atoms 
in  and  aKrve  the  photosphere  give  rise  to  thousands  of  dark 
lines  (Fraunhofer  lines)  superposed  on  the  continuum.  This 
line  absorption  spectrum,  shown  in  Figure  i-8.  is  the  source 
of  most  information  on  the  abundance  of  the  various  ele¬ 
ments  and.  the  physical  state  of  the  solar  atmosphere.  Al¬ 
though  the  lines  of  a  number  of  atoms  are  unobservable 
through  the  terrestrial  atmosphere,  all  the  natural  chemical 
elements  known  on  earth  probably  e.xist  in  the  sun.  Their 
relative  abundances,  however,  differ  radically. 

The  principal  region  of  line  absorption  is  a  layer  aNml 
40fl  km  thick  just  abtne  the  v  isible  surface  of  the  phxrto- 
splicre.  Spectra  with  high  spatial  resolution  on  the  sun  as 
shown  in  Figure  I  -•>  show  small-scale  wiggles  due  to  Dop¬ 
pler  shifts  induced  by  mass  motions  in  the  line  formation 
region.  .Analysis  of  these  linc^  has  revealed  several 

physical  prixesses  occurring  on  the  sun. 

The  granules  of  Figure  I  -5  are  evidence  of  convective 
overshooting  into  the  stable  photosphere  from  deeper  layers. 
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Figure  1-9.  The  spectral  region  around  the  Mg  B  lines  at  5167  A  and 
5172  A  is  shown.  The  verticle  axis  is  wavelength  and  the 
horizontal  axis  is  distance  along  the  .siit.  The  dark  horizontal 
burs  are  absorption  lines. 


An  average  granule  has  a  diameter  of  about  1.4  arcsec 
or  I  Mm.  Granules  typically  live  for  8  minutes  and 
reach  velocities  near  2  km/s.  Most  granules  lose  their  tem¬ 
perature  exress  after  rising  only  50  to  100  km  into  the 
photosphere,  but  their  momentum  carries  them  100  or  200 
km  higher. 

The  supergranules  shown  in  Figure  I  -6  penetrate  higher  into 
the  atmosphere  but  have  much  smaller  vertical  motions  than 
granules.  They  arc  primarily  observed  as  horizontal  flows 
in  the  chromospheric  layers  abtive  the  photosphere.  Super¬ 
granules  have  diameters  of  approximately  .^0  Mm  and  life¬ 
times  of  t-2  days.  Evidence  has  recently  been  found  for 
two  other  scales  of  convection:  mesogranulation  [November 
et  al.,  1981  j  with  a  scale  of  5-10  Mm.  and  giant  cells  perhaps 
100  Mm  in  diameter. 

In  addition  to  revealing  various  mtxics  of  convection,  wiggly 
line  spectra  show  that  the  sun  oscillates  in  a  number  of 
different  modes.  Oscillatory  nuxles  with  laige  coherent  wave 
systems  having  periixls  near  .Wl  s  are  observed  in  the  pho¬ 
tosphere  and  overlying  chromosphere.  Such  data  are  com¬ 
pared  with  a  theoretical  non-radial  acoustic  spectrum  in 
Figure  I -10.  These  nunlcs  have  most  of  their  energy  con- 
.centrated  in  the  underlying  convection  zone,  and  deviations 
of  predicted  modes  from  »ibserved  modes  can  lead  to  better 
models  of  the  convection  zone.  The  .700  s  oscillations  are 
evanescent  in  the  photosphere  (below  the  temperature  min¬ 
imum  shown  in  Figure  l-4».  .At  the  higher  temperatures 
found  in  the  chromosphere,  the  waves  become  propagating 
and  higher  frequency  acoustic  waves  are  observed.  The 
mechanical  energy  in  these  waves  may  he  responsible  for 
the  temperature  increase  in  the  chromosphere  and  higher 
layers. 


1. 1.3.2  The  Chromosphere.  The  chmmosphere  is  a  layer, 
several  thousand  kilometers  thick  of  transparent  glowing 
gas  above  the  photosphere.  Many  of  the  phenomena  oc¬ 
curring  in  the  photosphere  also  are  manifest  in  the  chro¬ 
mosphere.  Because  the  density  in  the  chromosphere  con¬ 
tinues  to  decrease  w  ith  height  (Figure  1-4),  and  is  much 
lower  than  in  the  photosphere,  magnetic  fields  and  waves 
can  have  greater  influence  on  the  structure.  Thus  the  chro¬ 
mosphere  is  even  more  inhomogeneous  than  the  photo¬ 
sphere.  Its  continuous  spectrum  is  extremely  faint,  and  like 
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all  solar  features  above  the  photosphere,  it  can  be  obsetved 
normally  only  by  isolating  the  light  of  one  of  its  strong 
lines,  usually  the  red  Ha  line  at  A  (Fraunhofer  C  line) 
or  the  line  of  CA  11  at  A  (Fraunhofer  K). 

The  rise  in  chnrmospheric  temperature  with  height  can 
be  understiMHl  in  terms  of  a  nonradiative  energy  input  into 
the  atmosphere  via  mechanical  energy  generated  in  the  con¬ 
vection  zone.  Acoustical  waves  propagate  outward  and 
can  form  shivks  in  the  low  density  chromosphere,  cheating 
moa*  energetic  collisions  between  panicles.  The  low  den¬ 
sity  also  leads  to  a  relative  enhancement  in  the  ability  of 
magnetic  licid'  to  carry  energy  in  the  form  of  waves. 
These  mechanisms  combine  to  heat  the  chromosphere 
from  appnrximately  4.^()0  K  at  its  base  to  over  20  000  K 
in  about  2  Mm. 

Similar  to  the  granulation  patterns  observed  in  tbe  pho¬ 
tosphere.  a  chi  omosplieric  network  can  be  observed  in  chro¬ 
mospheric  lii.es.  Figure  I- 1 1  shows  the  appearance  of  this 
network  in  Ha  and  Ca  II.  The  scale  of  this  network  cor¬ 
responds  fairly  closely  to  that  of  supergranulation,  and  the 
bright  regions  of  the  chromospheric  network  correlat  r  well 
with  supergranular  boundaries.  At  sub-photospheric  den¬ 
sities  the  supergranules  are  capable  of  pushing  magnetic 
flux  tubes  to  their  boundaries  w  hile  in  the  chromosphere  the 
fields  dominate  the  gas.  If  healing  occurs  preferentially  near 
the  field  lines,  the  appearance  of  the  network  can  be  ex¬ 
plained.  The  netwcirk  is  also  the  location  of  .spicules  wnich 
are  brilliant  (lames  of  gas  that  project  upward  for  approx¬ 
imately  10  Mm  and  li\e  for  2  to  .S  minutes.  Figure  1-12 
shows  how  these  .pivules  appear  at  the  limb  of  the  sun. 
.Spicules  mas  pros  ide  the  primars  path  IVsr  moving  energy 
and  material  into  the  corona. 


The  Transition  Ri-gFin.  At  the  top  of  the  chro¬ 
mosphere.  approximaiels  1.7  Mm  absive  the  temperature 
minimum,  the  temperature  begins  a  sudden  steep  rise  to 
coronal  sallies.  In  the  next  few  megameters  it  rises  from 
25  (itKl  K  to  near  2  s  |(|''  K.  This  steep  iem|XTature  rise 
is  called  the  transition  region.  Because  this  transition  iKCurs 
in  such  a  narrow  zone  of  liie  solar  atmosphere,  it  is  very^ 
difficult  to  measure  the  physical  height  boundaries  acca- 
raicls  It  IS  also  sers  hard  to  observe  this  regiiin.  since  its 
spectral  lines  are  in  the  F.l'V  and  can  be  studied  only  from 
satellite  and  riK'ket  obsenations  riius  the  amount  of  data 
aiailable  to  date  is  vers  limited.  We  show  in  Figure  1-1.4 
a  prolilc  of  temperature  vs  height  from  the  photosphere 
to  the  low  corona  with  some  transition  zone  spectral 
lines  indicated  The  slope  of  the  rise  and  the  location  of  its 
onset  are  tunefions  of  sol.ir  actisity.  being  steeper  and 
lower  m  the  atmosphere  In  actise  regions  iSeetion  I  2. .4.1) 


Figure  l-ll.  Ca  II  spectioheliograms  made  on  the  violet  side  of  Ca  II 
line  at  .4934  A.  The  network  of  bright  emission  is  clearly 
evident,  and  outlines  the  boundaries  of  supergranules  seen 
in  Figure  1-6. 


than  on  the  quiet  sun.  HUV  photographs  of  the  transition 
zone  obtained  by  Skylab  are  shown  in  Figure  1-14. 
For  further  inforniation  on  this  region,  including  models, 
see  Jordan  1 19SI  |.  Zirkcr  119771.  Athay  119761.  and  Bonnet 
il9Hll. 


1. 1.3.4  The  Corona.  Phy.sictil  Properties:  Above  the 
transition  region  and  extending  out  into  interplanetary  space 
is  the  faintly  I  isible  solar  corona.  Long  seen  only  during 
the  few  seconds  or  minutes  of  total  solar  eclipses,  the  true 
nature  of  this  outer  atmosphere  has  only  in  recent  years  been 
recognized.  Dominated  by  temperatures  of  one  to  two  mil¬ 
lion  degrees,  magnetically-induced  motions,  sudden  re¬ 
leases  of  energy .  and  explosive  expension  into  the  surround¬ 
ing  vacuum  of  space,  this  entity  has  strong  implications  for 
the  energy  balance  of  near-solar  space  and  planetary  envi¬ 
ronments. 

The  corona  is  heated  from  below  by  mechanical,  elec¬ 
trical  or  magnetic  di^sipation.  The  exact  nature  of  the  heat¬ 
ing  has  not  yet  been  discovered.  Favorite  candidates  are 
shtK'k  waves  produced  by  the  upward  surging  of  granules 
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igure  l-l?.  An  average  quiet  sun  temperature  distribution  from  photo¬ 
sphere  (0  km),  through  the  temperature  minimum  (400  km), 
chromosphere  (5(X)-2000  km),  and  transition  zone  (2000- 
2500  km),  and  into  the  low  corona  (.1000  km  up),  derived 
from  Vemazza  et  al.  1 19K1|. 

nlo  the  photosphere  or  by  propagating  waves  or  oscillations 
nduced  by  them  or  by  spicules.  Other  recent  speculation 
as  centered  on  the  dissipation  of  Alfven  waves  being  prop¬ 
gated  upward  from  the  turbulent  photosphere  along  mag- 
etic  lines  of  force.  The  end  result  of  this  heating,  whatever 
:s  source,  is  an  increase  in  temperature  to  near  2  x  10'’  K 
1  the  low  corona.  The  temperature  decreases  slowly  above 
lat  level.  This  extreme  heat  causes  the  outer  parts  of  the 
orona  to  “toil  aw  ay"  into  the  near-vac  jum  of  interplanetary 
pace.  Coronal  heating  is  reviewed  in  Jordan  1 1981 1. 

Observations  of  the  corona  (Figure  1-15)  indicate  that 
is  highly  inhomogeneous.  Different  regions,  such  as 
treamers  (radially-elongated  bright  areas — Section  1,2)  and 
oronal  holes  (dark  areas — Section  1.2).  show  small  vari- 
tions  in  temperature  (on  the  order  of  JO'T-)  from  area  to 
rea.  but  large  variations  in  density,  up  to  one  to  two  orders 
f  magnitude.  These  variations  become  more  pronounced 
(ith  height. 

M(xle!s  of  the  corona  are  controversial  and  complex, 
iarly  one-dimensional  models  have  now  given  way  to  two- 
nd  three-dimensional  models  representing  streamers,  co- 


THE  SUN 

ronai  holes,  magnetic  loops,  prominence  cavities,  and  time- 
dependent  variations  in  coronal  transients. 

Table  1-3  presents  a  simple  model  of  a  coronal  hole  and 
the  quiet  corona.  Further  information  should  be  sought  in 
Zirker  11977],  White  [1977],  Allen  [1973],  Eddy  [1978], 
and  Jordan  [1981]. 


Table  1-3.  Model  of  corona  in  quiet  sun  and  in  coronal  hole  showing 
electron  density  vs  height  above  the  solar  limb  (Ro  =  1.0) 
IZirker,  1977). 


Quiet  Sun 

(T  =  2.0  X  10*  K) 

Coronal  Hole 
(T  =  1.5  X  10*  K) 

r/Ro 

Ne  (cm"') 

Ne  (cm"') 

1.1 

1.0  X  10* 

5.4  X  10’ 

1.2 

7.1  X  10’ 

1.6  X  10’ 

1.4 

2.3  X  10’ 

2.8  X  10* 

2.0 

2.8  X  10* 

2.0  X  lO* 

4.0 

8.9  X  10* 

4.0  X  10’ 

10.0 

8.0  X  10' 

Methods  of  Observation:  Coronal  observations  are  ex¬ 
tremely  difficult  because  of  the  requirement  to  eliminate  the 
million-times-brighter  light  from  the  solar  disk.  Until  the 
development  of  the  coronagraph  in  the  1930s,  the  only  ob¬ 
servations  of  the  faint,  coronal  light  (about  as  bright  as  the 
full  moon)  were  made  during  total  solar  eclipses. 

In  the  standard  coronagraph,  light  spilling  around  an 
occulting  disk  is  either  passed  through  the  narrow  slit  of  a 
spectrograph  to  form  a  spectrum  of  the  faint  emission  lines 
or  through  a  narrow-band  birefringent  filter  to  form  an  image 
of  the  corona  in  an  emission  line,  most  often  the  green  line 
of  Fc  XIV  (5303  A),  -lid  at  times  the  red  Fe  X  (6374  A), 
or  yellow  Ca  XV  (5694  A)  lines.  These  lines  have  ionization 
temperatures  of  1.5,  1,0,  and  3.4  x  10*  K,  respectively. 
Figure  1-16  shows  two  filtergrams  of  the  corona. 

Photoelectric  coronal  observations  from  the  ground  are 
of  two  types.  Observations  of  the  emission-line  corona  made 
with  a  differential  photometer  at  the  National  Solar  Ob¬ 
servatory  at  Sacramento  Peak  in  New  Mexico  consist  of 
circular  scans  around  the  limb  at  two  or  three  heights.  A 
sequence  of  such  daily  scans  can  be  used  to  build  up  a 
picture  of  the  low  corona  over  a  half  solar  rotation  (Figure 
1-17).  Ob.servations  of  the  intermediate  •'orona  using  light 
scattered  by  coronal  electrons  (also  called  the  “K"  corona) 
are  made  daily  with  the  K-coronameter  on  Mauna  Loa. 
Hawaii. 

The  corona  can  also  be  observed  with  radio  telescopes 
(Chapter  11).  Here  the  corona  can  be  seen  directly  against 
the  disk  (there  is  no  complicating  “background  light"  as  in 
the  visible),  and  different  heights  can  be  probed  by  using 
different  frequencies. 

The  discovery  of  coronal  holes  (Section  1.2. 7.1).  one 
of  the  major  advances  in  solar  physics  in  the  past  decade. 
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CORONRL  NOUS  fM  USm  RS  ILRCK  RRERS 

7.  A  p'lctu^  of  Ihc  grcen*tino  coronu  on  7  Fob  19X4  obtained  by  atbmine  >tK\e**Mve  ca^l-lItllb  scans  to  rotate  acrttss  the  disk.  Nt>te  the  fblaek)  pitlar 
comnal  hstles  from  which  high  speed  solar  wind  streams  How  iNalional  Solar  Obscrsalory  at  Sacramento  Pcakl. 


S  made  possible  by  satellite  obsenations.  The'laek  of  a 
ttering  and  absorbing  atmosphere  at  satellite  altitudes 
de  pttssible  the  first  prolonged  high-resolution  solar  ob- 
vations  in  soft  x  rays.  These  Skylab  observations  and 
ers  revolutionized  the  understanding  of  coronal  prt)- 
ses.  Astronomers  alst)  use  satellite  images  of  the  corona 
ained  in  the  extreme  ultraviolet  (KLIV)  with  Skylah.  and 
onagraph  observations  in  white  light  and  emi  .sion  lines 
h  from  Skylab  and  the  Solar  Maximum  Mission  satellite 
4M), 

Indirect  observations  of  the  corona  can  be  made  on  the 
y  in  wme  spectral  lines  of  helium,  most  notably  that  of 
l.W  A.  The  population  of  certain  atomic  states  of  chro- 
spheric  hehum  is  partially  controlled  by  conditions  in 
overlying  corona,  and  so  coronal  holes  arc  marginally 
K-table  in  this  line.  A  daily  inS3i)  A  patrol  i  Figure  I- 
is  operated  at  the  National  Solar  Observatory  facility 
Kitt  Peak.  Arizona. 

Another  source  of  data  concemina  the  corona  and  the 


near-.solar  interplanetary  medium  (IPM)  is  (he  scintillation 
of  radio  stars  as  obsened  through  the  corona/IPM.  Semi- 
empirical  relations  betw  een  the  signal  fluctuation  of  a  radio 
star  and  the  turbulence  generated  at  a  given  point  in  the 
IPNI  by  solar  wind  flow  iChapter  .3)  have  allowed  investi¬ 
gators  at  the  University  of  California.  San  Diego  (UCSD). 
to  pnHiuce  low -resolution  three-dimensional  pictures  of  the 
solar  wind  flow  within  one  astronomical  unit  (the  distance 
from  the  earth  to  the  sun)  of  the  eahh. 


1.2  THE  ACTIVE  SUN 

Although  the  quiet  sun  is  of  immense  astronomical  in¬ 
terest  because  it  is  the  only  star  whose  spatial  features  are 
readily  resolvable  with  earth-bound  telescopes.' most  of  the 
sun's  geophysical  effects  (except  for  the  basic  solar  irra- 
diance)  result  from  solar  activity  .  In  this  section  we  shall 
discuss  phenomena  related  to  the  sun's  magnetic  field,  for 
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Figure  I-IK.  A  sample  lOK.V)  A  scan  ohta*  led  hy  the  Natumal  Solar 
Ohscnaiory  at  Kiti  Peak  24  Dec  197K.  Active  Regions 
and  prt>minenccs  are  black  and  coronal  holes  arc  light:  De- 
hning  a  coronal  hole  usually  requircs  a  series  of  pictures 
taken  over  several  days  as  well  as  informatum  about  the 
magnetic  held. 

it  is  probably  through  the  emergence,  growth,  transport  and 
destruction  of  magnetic  flux  that  the  sun  produces  the  tran¬ 
sient  behavior  which  cau'^s  large  responses  in  the  earth's 
environment. 


1.2.1  The  Sunspot  Cycle 

The  most  obvious  manifestation  of  solar  activity  is  the 
11 -year  sunspot  cycle.  The  relative  sunspot  number  R  (or 
Wolf  or  Zurich  number)  remains  the  single  most  important 
index  for  the  general  level  of  solar  activity;  it  is  calculated 
according  to  the  formula 

R  =  k(n  +  lOg). 

where  n  is  the  number  of  individual  spots  visible  on  the 
solar  disk,  g  is  the  number  of  sunspot  groups  (see  below), 
and  k  is  a  station  constant,  or  "personal  equation"  for  the 
particular  observatory. 

Records  of  sunsp*it  counts  have  been  kept  since  the  mid¬ 
seventeenth  century  (Figure  1-19).  The  cyclic  behavior  of 
R  with  a  peritxl  averaging  11.4  years  is  the  most  obvious 
feature  in  the  historical  record,  although  an  approximately 
80-year  pcritxlicity  may  also  be  present.  The  anomalous 
period  of  low  activity.  !64.^-l7(X)  (Maunder  tnimimum).  is 
recognized  as  a  possible  reduc’ion  in  the  level  of  solar  ac¬ 
tivity;  its  existence  has  been  independently  supported  by 
measurements  of  the  carbon- 14  content  in  tree  rings  formed 
during  that  era. 

Most  sunspots  occur  in  groups  that  are  dominated  by  a 
leader  spot  on  the  western  side  of  the  group  and  one  or 


more  trailer  spots  to  the  east  (Figure  1-20);  the  leader  spot 
is  often  the  largest  spot  withii.  the  group.  Magnetic  fields 
in  large  spots  are  typically  3000  gauss,  with  leader  and 
trailer  spots  generally  ha  'ing  opposite  polarities.  During  an 
1 1-year  cycle  all  leader  spots  in  the  northern  hemisphere  of 
the  sun  have  one  magnetic  polarity,  while  in  the  southern 
hemisphere  this  polarity  is  reversed.  This  pattern  persists 
throughout  the  rise  and  decline  of  the  cycle.  During  the  next 
cycle,  however,  the  entire  polarity  pattern  is  reversed.  Thus, 
the  fundamental  cycle  of  solar  magnetic  activity  is  actually 
about  23  years  in  duration.  During  cycle  No.  21  (maximum 
in  1979-80),  leader  spots  in  the  northern  hemisphere  had 
positive  polarity  (magnetic  vector  pointing  outward  from 
the  solar  surface). 

The  first  sunspots  of  a  new  cycle  typically  appear  at 
latitudes  of  20°  to  25°  in  both  northern  and  southern  hemi¬ 
spheres.  As  the  cycle  progresses,  additional  spots  appear  at 
lower  latitudes,  until  they  are  concentrated  near  the  equator 
at  the  end  of  the  cycle  (Figure  1-21). 

Major  variations  in  coronal  stiricture  take  place  during 
the  solar  cycle.  Several  decades  of  observations  have  con¬ 
firmed  that  green-line  intensities,  and  to  rome  extent  the 
red-line  intensities,  follow  the  sunspot  number  quite  well. 
In  particular,  averages  of  the  green-line  intensities  show 
large  maxima  at  midlatitudes  in  both  hemispheres  that  ap¬ 
pear  near  or  coincident  with  sunspot  latitudes.  These  belts 
move  towards  the  equator  with  the  progression  of  the  solar 
cycle  and  finally  merge. 

The  total  variation  of  the  green-line  intensity  during  a 
solar  cycle  is  significant.  In  addition,  the  appearance  of  the 
two  yellow  lines  is  now  known  to  be  an  excellent  indicator 
of  regions  which  will  produce  large  flares  and  perhaps  even 
proton  events. 

1.2.2  The  Solpr  Dipiole  Magnetic  Field 

The  sun  has  a  weak  dipole  magnetic  field  aligned  with 
its  axis  of  rotation.  Because  of  the  stronger,  complex  field 
patterns  associated  with  spot  groups,  however,  this  dipole 
field  is  recognizable  only  at  latitudes  above  60°,  where  it 
measures  about  1  gauss  on  the  solar  surface.  It  is  believed 
that  the  dipt>le  field,  although  weak  in  general,  becomes 
concentrated  in  the  midlatitudes  due  to  the  dynamo  action 
of  the  sun's  differential  rotation.  Magnetic  ropes  of  strong 
field  may  then  rise  to  the  surface  due  to  magnetic  buoyancy, 
forming  the  oppositely-poled  leader  and  trailer  portions  of 
an  active  region  where  the  flux  loop  intersects  the  photo¬ 
sphere.  This  would  account  for  the  spot-polarity  law  dis¬ 
cussed  above.  The  loops  may  eventually  rise  into  the  outer 
corona  where  they  neutralize  the  original  dipole  field  and 
ultimately  replace  it  with  a  new  dipole  field  of  opposite 
sign.  The  polarity  reversal  of  the  dipole  field  occurs  near 
sunsp(it  maximum  although  the  soot  pKilarities  themselves 
remain  consistent  with  the  polarity  of  the  dipv)le  field  that 
existed  at  the  beginning  of  the  cycle. 
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;dv>  visible  (NatHinal  Sidar  ()bser\at<ir\  ;tf  SacranienU)  (kak). 


1.2.3  The  Emergence  and  Organization  of 
Magnetic  Flux 

The  s«lar  surface  abrtunds  with  tnith  large  and  small- 
scale  magnetic  features.  The  smallest  features,  known  as 
filigree  (Figure  1-22)  are  bright,  wiggly  structures  with 


lengths  of  I  to  S  Mm  and  narrow  widths  of  l(X)  to  200  km. 
They  may.  in  fact,  be  smaller,  but  it  has  been  impossible 
to  date  to  see  smaller  structures  with  solar  telescopes.  Fil¬ 
igree  reside  in  intergranular  l-uics  and  ate  visible  with  ground- 
based  telescopes  only  on  rare  occasions  when  the  atmos¬ 
pheric  seeing  allows  the  1/4  arcsec  resolution  required  to 
sec  them.  Their  kKations  are  presumed  to  coincide  with 
extremely  line  magnetic  structures  occupying  the  granule 
boundaries,  perhaps  analogous  to  the  somewhat  larger  flux 
tubes  of  the  supergranulc  network  (Section  1 .  1 .3.2).  Meas¬ 
urements  show  that  these  small  flux  tubes  have  intense  mag¬ 
netic  iields  with  strengths  between  1000  and  2(XX)  gauss. 

1.2.3. 1  Active  Regions.  The  development  of  a  large  scale 
sunspot-bearing  prfue  region  usually  begins  with  an  in¬ 
crease  in  he  number  and  intensity  of  magnetic  flux  tubes 
in  the  phmospheric  network.  In  response  to  this,  a  bright¬ 
ening  in  the  overlying  chromosphere  develops.  These 
brightenings.  or  plages  are  the  chromospheric  counterparts 
to  the  sunspot  group  that  later  becomes  visible  in  the  pho- 
tosphcric  layers.  The  corona  responds  also,  producing  a 
large  area  of  bright  emission  visible,  for  example,  in  x-ray 
and  radio  images  (Figure  1-23).  Within  a  day  of  plage  for¬ 
mation  a  small  leader  spot  emerges  which  continues  to  grow 
in  si/e  for  several  days.  The  trailer  spots  usually  form  within 
a  day  of  the  leader,  and  many  smaller  spots  often  form 
throughout  the  entire  region  (Figure  1-20).  Generally  a  sun¬ 
spot  begins  life  as  a  small  pore  which  darkens  as  a  con- 
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Hcurc  I  The  Mibr  iMilmcc  .iio  '  imHIc  as  hfithl.  siruclures 

Kiiii!  in  the  inti.-rirr.iiiiiie  /ones  this  series  oi  hlicr^ratiis 
was  laKvii  m  Jittcreiit  u,i>e(cnylhs  (ii(K.k\siw  tr«mi  up|Vf 
Icin.  inniinuuni.  Mtt  t  ^  A  -*■  7'H  A.  Hit  7S  A 

’  iNaitimal  < )hst.r\aforN  at  S.KraiiicftU*  Peaki 

sequence  of  teinperalure  reduction.  I  he  leniperatun.'  drop 
is  prohaWy  causetl  hy  the  piescncc  ol  the  iiiaenetic  lield. 
which  may  inhibit  the  suppis  ol  coioective  eiierey  to  the 
photosphere  at  that  location.  ,iiid  or  may  enhance  the  ph»»- 
t«*spheric  dissipation  of  energy  at  that  jxnnt  The  largest 
spots  attain  aa'as  ol  }  s  Id'  kiir  and  leniperalures  2tHHI 
K  lower  than  the  surrouniting  photosphere 

Sunspot  groups  usually  reach  maturity  within  several 
days  after  which  they  begin  a  slow  decline.  The  leader  spot 
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is  the  last  to  dissoKe  and  (tccasioii.dly  may  last  for  several 
months.  Ihe  (.liroiiiosplierie  plage  pc'sisis  even  alter  all 
spots  have  disappeareil. 

A  small  number  ol  aelive  regions  violare  the  simple 
polarity  nile.  and  iiisteiid  form  coniplev.niagnelie  siiiiciiires 
with  a'versed  oi  mived  polarities  ifiena'  1211.  Iliese  giou|'s 
are  responsible  lor  nearly  till  the  liigbly  .tetive  solar  phe- 
nomcna  lSection  1.2  f'l 

1.2. 3.2  Kphemeral  Kettions.  A  signilieani  portion  <>f  the 
total  magnetic  lUiv  on  the  solar  surlace  resides  in  f/ihtmiTtil 
lU'tivc  ri’gio/i.v.  These  are  miniaiuiv  l>ifs<lar  regions  ot  si/e 
.Ml  Mm  with  average  lileiiiiies  ol  12  liou's  Although  not 
tisuallv  assiK'ialeil  with  snnspols  ol  ihen  own.  they  ate, 
nevertheless,  legitimate  active  legions  in  the  sense  that  they 
affect  the  cliromosphenc  slnictiiios  and  develop  visible  plages. 
There  may  be  several  bundled  such  regions  on  the  sun  at 
any  given  moment,  .dthough  life  sjuas  their  inimbeis  vary 
with  the  ll'  veur  eyele.  I  heir  magnetic  oncnr.mon.  how¬ 
ever.  appears  n.  be  far  mote  i.iikIoiii  lii.in  the  leader  and 
trailer  polaiities  of  sunspot  groups. 

1.2.4  Prominenevs 

Prominvm  vs  are  large  clouds  of  gas  high  above  the 
chromosphere,  visible  as  biighi  llame-like  objects  with 
emission  spectra  aeainsi  the  sf  y  hacf  gnmnd  at  the  limb,  or 
as  long  roi-ic-lifc  v.ilh  .ibsoriition  sp..vlr.i 

against  the  solai  sli'f.  (Ji’icK  tin  1  \  ifiginc  I  2.si 

are  not  associated  v. uh  active  iceions.  hui  taihcr  torm 
bvHiiidarics  bctwcsarvci'  h.uec  sc.tie  vcc.if  riiaettcti-.  lc,'itiii..-s 
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in  tht-  ijuk'i  Min  l  lii')  .iK-  the  hireest  viNihlc  •unieturcN  on 
the  Nun.  M'liietintes  re;iehiiv^'  length'  cxemlinj;  a  solar  ra- 
iliiis  ( Veasionalls .  ijiiieML-nt  prominences  suiKlenlv  K-- 
coiiie  .icti\e.  erupt  ami  hlou  oil  to  ereat  heiehls  in  the 
eoion.i 

Diher  IMVs  ol  proimnenee-relUleil  phemnnena  inelikle 
Moee\  \  ami  /is'/n  il  ietjie  l  OfO  These  siruelure- 
are  ollen  asMs.ialeil  with  llares  as  diseiisseil  K’low  The> 
are.  nevertheless,  siimlai  to  nuieseent  proimnenees  in  the 
se-ii'c  that  then  iem|vr.iiiires  i  loiitHi  K  to  2lttttt<>  Ki  remain 
ehn'iiiospheiie  s^en  thmieh  their  siriieliires  exiemi  to  co¬ 
ronal  heiehis  where  the  aiiihieni  leinperaiiires  are  imi  times 
Ineher  than  their  own 

1.2.5  Coronal  Ma>>nelic  Fields 

f.ireltil  ohservalions  also  show  a  ereat  spatial  variation 
in  the  nature,  i!  not  ihv‘  maemlmle.  ol  the  maenelie  lieKI 
that  ihieails  its  wav  ihioiieh  Ihc  iorona  Hiiehl  reeions  leiul 
to  eonel.ile  with  i/.ok/  hi  hi  o  eroio  where  mislels  or  oh- 
.servaliotis  mills  .lie  lha'  the  m.ienelis  lines  ol  torse  enleree 
Tri'iii  .iPil  re  enter  the  pholosplKie  ovei  ssales  less  than  a 
solar  i.iilnis  iliViire  I  '  m  C’l  nveiselv .  ilaiT  ucions  sor 
relate  wnh  yi>i>!  Hi  'if  'i  eio'i'  mvsierioU'  in.ii'iietie  mon 
o|v;les  whose  lull!  hik's  in.iv  re  enlet  ihe  sun  aeain  onlv 
alls'!'  some  son'-ohne  l  loitrriev  ihroueh  inlerplanetarv  sp.ue 

1.2.6  Flares 

\  Ihir,  is  a  tr.nisienl.  Ii>s.ili/eil  rele.isc  /it  enerev  iisn.illv 
oss'iirnn'e  in  amt  it'<'ve  ,in  active  u  i.’ion  Tlari's  proiliue 
I’leallv  enhaiK  s'l!  i  imssi.avs  sj-.innme  ihe  enlir.,  eteciri imae 
ns'lie  scsMoin'  .tni!  m.iv  .tsceler.ite  p.-.iiuies  i.i  eiiereies  as 
hieh  as  'I'  ( ieV  t  he  il.iie  Cl  apt  :or  a'  ie. ! '  hie  . .  a.  ai.i.  s'hio 


mosphere,  and  probably  even  the  upper  photosphere.  The 
energy  released  by  a  flare  ranges  from  l(P*  to  10**  erg; 
durations  vary  from  I  to  100  minutes. 

Flare  importance  has  traditionally  been  a.ssigned  ac¬ 
cording  to  the  flare's  maximum  area  as  observed  in  the  Ha 
line  (Table  1-4).  Following  the  importance  class,  a  letter 


TaMe  1-4.  FUr  optical  impoitance 


Impiutance 

Area 

(Heliographic  Square  Degrees) 

S  (Subflare) 

2.06 

1 

2.06  to  5. 15 

2 

5.15  to  12.4 

3 

12.4  to  24.7 

4 

>24.7 

code  (F.  N  or  B)  is  given  to  designate  the  relative  brightness 
of  the  flare  as  faint,  normal,  or  bright.  In  recent  years  flare 
importance  has  been  supplemented  by  the  si>ft  x  ray  clas¬ 
sification  of  the  flare  (Table  1-5).  These  x  ray  classes  are 
only  roughly  correlated  with  the  optical  importances. 


Table  l-J.  Flare  <  ny  classiflcalian 

l-SA  X  ruv  flux  at  lAU 

Class 

(ve.fti-’) 

C 

icr*  «  E  <  la* 

M 

10  *  <  E  <  10“* 

X 

E  >  10-* 

Historically,  flares  have  been  studied  in  the  Ha  line, 
which  is  formed  in  the  chromosphere.  Observations  in  tiK 
EUV  and  x  ,ray  regions,  however,  have  shown  that  flares 
may  be  more  correctly  characterized  as  coronal  phenomena 
with  the  primary  energy  release  probably  occurring  in  the 
low  corona  or  transition  region,  it  is  not  surprising,  there¬ 
fore.  that  flares  are  best  seen  in  wavelengths  originating  in 
the  corona.  Flare  images  in  soft  x  rays  ( l-IO  A)  and  XUV 
lines  (2(KV.V10  A)  obtained  by  the  Skylab  Mission  show  that 
die  bask  flare  structure  is  a  low-lying  coronal  loop  on  the 
order  of  20-50  Mm  in  length  (Figure  l-27>,  wherein  tem¬ 
peratures  rise  from  the  normal  I  x  KT  K  to  about  20  x'  KT 
K.  Complex  flares  often  reveal  the  presence  of  many  such 
loop  structures.  The  loop  structures  are  formed  by  magnetic 
fields  rooted  in  the  d«per  photospheric  layers.  The  chro¬ 
mospheric  flare  (Figure  1-281.  which  is  probably  a  second¬ 
ary  response  to  the  coronal  energy  source,  is  primarily  con- 
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Figure  1-27.  Soft  Xriay  loop  jimctuics  in  a  flan  I  AmericM  Science  a«d 
Engmeeriag.  Inc.l. 


fined  to  the  footprints  of  diese  loops  forming  intense  flare 
kernels,  or  an  arcade  of  loops  may  be  involved  forming  a 
pair  of  serpentine,  parallel  ribbons.  Magnetograph  obser¬ 
vations  reveal  opposite  magnetk  polarities  for  the  two  metn- 
bers  of  a  kernel  or  ribbon  pair.  Fliotospheric  field  strengths 
for  the  flare  loop  footprints  are  typkally  1000-2000  gauss 


Figure  I-2S.  Ha  lihergram  sbuufing  the  chmmmpheric  mniiiiiciil  of  a 
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for  highly  energetic  events.  Only  rarely  does  the  flare  dis¬ 
turbance  affect  layers  deep  cmmgh  in  the  atmosphere  to 
produce  optical  continuum  (so-called  while-linkt  flares). 

About  half  of  all  flares  show  a  sudden  or  explosive  rise  > 
to  maximum.  This  impulsive  phase  is  most  clearly  defined 
by  hard  x  rays  (photon  energies  10  KeV  -  1  MeV)  or  ml- 
erowaves  (wavelengths  l-.M)  cm)  and  may  last  imly  a  minute 
in  the  case  of  simple  flares.  Soft  x  ray  and  Ha  emissions, 
even  in  impulsive  flares,  are  usually  less  abrupt  in  their 
onset,  and  often  continue  to  rise  after  the  impulsive  corn- 
portents  are  in  decline.  Complex  flares  show  multiple  im¬ 
pulsive  phases,  with  each  impulse  apparently  being  asstv 
ciated  with  a  particular  point  in  the  'flare.  The  impulsive. 
compoiKnts  probably  originate  in  a  pnxess  which  accel¬ 
erates  electrons  to  energies  exceeding  10  KeV.  producing 
hard  x  rays  via  electron -proton  bremsstrahlung  and  miertv 
waves  via  gyntsynchrotrvm  radiation  in  the  ambient  mag¬ 
netic  fields  (Chapter  1 1 ).  Type  III  meter-wave  radio  bursts 
(Chapter  1 1 1.  which  may  also  tKcur  during  the  impulsive 
phase,  have  been  attributed  to  the  txitward  escape  of  some 
of  these  electrons  along  open  field  lines.  Recently  obtained 
hard  x  ray  images  show  the  early  stages  of  the  hard  x  ray 
bursts  (Kcurring  at  loop  fivitprints  similar  to  the  first  optical 
kernel  brightenings  This  suggests  a  common  energizing 
source  in  the  loop,  from  which  electrons  are  guided  down¬ 
ward  into  the  chromosphere  along  the  field  lines.  It  is  not 
clear  whether  the  population  of  electrons  producing  the  im¬ 
pulsive  emissions  is  best  characterized  as  thermal  or  noj- 
thermal.  Certainly  the  hard  x  ray  kernels  and  Type  III  radio 
bursts  suggest  a  non-tbermal  directivity  in  the  particles.  If 
the  energy  distribution  is  thermal,  then  temperatures  ex¬ 
ceeding  It)’'  K.  and  possibly  even  10“  K.  wiHild  he  required 
in  order  to  pnxJucc  the  observed  hard  x  ray  continuum  The 
presern'c  of  protons  with  energies  exceeding  .V)  MeV,  as 
evKlctK'cd  by  nuclear  gamnw-ray  lines  in  the  impulsive  pha-ses 
of  large  flares,  lends  additional  support  to  acceleration  pnv 
cesses  which  prtxlucc  mm  (hermal  distrihutiims 

A  variety  of  phemmKna  ix'cur  in  response  to  violent 
heating  or  magnetic  rcairangenKnt  assiKiated  with  flares. 
Surges  (Figure  l-2hi  are  spikes  or  filaments  of  chnuno- 
spheric  matena!  sent  outward  (vchKity  ~-  ItX)  km/s)  by  a 
suiklen  change  in  the  distribution  of  magnetic  field  lines  in 
the  active  region  Surprisingly .  many  surges  are  mit  asso¬ 
ciated  with  flares,  although  conversely  a  large  fraction  of 
flares  seem  to  generate  surges,  fhe  material  pushed  upward 
in  a  surge  usually  descends  along  its  original  trajectory .  The 
latter  characteristic  distinguishes  surges  from  vpruw  (Figure 
1-26)  which  are  high  velixity  (exceeding  the  solar  escape 
veliKiiy,  67(1  km  si  explosive  ejections  assix'iatcd  with  cer¬ 
tain  flares 

The  intense  heating  in  flares  usually  “evaporates”  the 
chromosphere  near  the  bases  of  magix-tic  loops  Ihe  heated, 
gas  then  rises  to  till  the  limp  w  ith  soft  x  ray-emitting  plasrr.a 
f^ptkally.  these  pi".l  fhirv  U>op\  or  limp  pninrinem  es  are 
often  observed  to  torn)  in  Ihe  late  stages  of  large  two-ribbon 
flares  iFteurcs  I  -26)  The  enh.inced  soft  x  rav  and  ultraviolet 


flare  emissions  are  responsible  for  a  variety  of  immediate 
geophysical  effects  collectively  known  as  sudden  iono¬ 
spheric  disturbances  (SIDs)  (Chapter  10).  These  distur¬ 
bances  are  a  result  of  increa.scd  ionization  at  several  levels 
in  the  ionosphere. 

Shix'k  waves  produced  by  explosive  heating  propagate 
upward  thnvugh  the  corona  where  they  accelerate  electrons 
and  pr.ttons  to  relativistic  energies.  The  interaction  of  shocks, 
particles,  and  magnetic  fields  generates  Type  II  and  Type 
iv  meter-wave  radio  bursts  (Chapter  II).  The  outwaid- 
pmpagating  shrx'k  ( vcltx-iiy  ~  1000  km/s)  is  apparently  also 
the  origin  of  solar  protons  (energies  ^  10  MeV)  that  produce 
terrestrial  polar  cap  ahutrpiion  (PC A)  and  solar  cosmic  ray 
ground-level  events  (GLE),  while  the  shock  wave  itself  ar¬ 
riving  at  the  earth  in  about  two  days  is  a  cause  of  the  sudden 
commencement  phase  of  getvmagnetic  storms  (Chapter  4). 

The  origin  of  flares,  particularly  the  processes  of  energy 
storage  and  release  as  well  as  the  triggering  instability, 
remains  a  difficult  theoretical  pnvblem.  Obviously;  the  local 
magnetic  field  is  involved  Recent  theories  point  to  current- 
carrying  magnetic  configurations  in  which  field  lines  re¬ 
connect  and  simplity.  The  problem  is  observationally  dif¬ 
ficult  because  the  flare  plasma  parameters  cannot  be  tracked 
in  sufficient  spatial  and  temporal  detail.  Without  the  aid  of 
in  situ  mea.surements  we  are  forced  to  rely  upon  observations 
of  secondary  effects  which  detect  the  flare  energy  only  after 
disordering  processes  have  already  occurred. 


1.2,7  Coronal  Activity 

1. 2.7.1.  Coronal  Hulei  and  Solar  Wind.  During  Sky- 
lab.  pictures  of  the  sun  were  taken  regularly  with  a  soft  x- 
ray  telescope  ITinnithy  ct  al. .  I97.S|.  while  at  the  same  time 
27 -day  recurrent  geomagnetic  disturbances  were  occurring. 
It  was  mxiced  that  when  areas  dark  in  x  rays  crossed  the 
.central  meridian  near  the  sub-earth  point,  a  geomagnetic 
disturbance  tx'currcd  a  few  days  later.  This  relationship 
persisted,  and  thus  the  source  of  the  disturbances,  the  long- 
puzzling  solar  M-regions.  was  finally  discovered,  solving  a 
riddle  that  h:id  existed  for  decades.  These  dark  areas  named 
coronal  holes  (Figure  1-29)  were  shown  to  be  sources  of 
high-speed  solar  wind  streams  (H-SS)  that  eventually  im¬ 
pacted  on  the  magnetosphere  and  caused  the  disturbances. 
Fvir  more  information  on  HS.S  see  Chapter  .f. 

Subsequent  work  Cin  the  nature  of  coronal  holes  has 
shown  that  they  are  somewhat  ctxilcr  (by  500000  K)  than 
surrounding  areas  and  up  to  an  order  of  magnitude  less 
dense  See  Table  1-,V  They  also  coincide  with  large  areas 
of  open  magnetic  field.  It  is  thus  hypothesized  that  an  open 
field  provides  an  unrestricted  path  for  the  propagation  of 
solar  wind  into  interplanetary  space  resulting  in  high  solar 
wind  speeds  that  deplete  the  matter  in  the  holes  and  carry 
away  internal  energy  (thus  the  lower  density  and  tempera¬ 
ture  I 
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1.2. 7.2  Stmmm.  Earlier  spevulaiidn  an  the  source  of 
M-regions  had  cenicied  on  •sirramer.t,  which  are  long,  ra- 
dially-orienied  bright  regions  of  the  corona.  Recent  research 
has  shown  that  streamers  can  be  detected  even  at  the  orbit 
of  (he  earth.  The  signature  of  Streamers  (Borrinieial..  I98l| 
consists  of  low  solar  wind  velocity  (on  (he  order  of  3S0 
km/s).  an  iiK'rease  in  tensity  and  a  decrease  in  (he  He/H 
ratio.  These  events  appear  to  be  coincident  with  sector 
houndary  passages,  which  are  sudden  reversals  of  the  in¬ 
terplanetary  magnetic  held  (IMFl  (hat  often  separate  HSS 
from  one  aiwther  (Section  1.2. 7. 3). 

t.2.7.5.  The  Solar  Cvirent  Sheet.  In  the  upper  corona, 
magnetic  helds  tend  to  be  mostly  radially  oriented  and  to 
reflect  the  polarity  of  the  large-scale  average  held  underlying 
them.  Opposing  helds  in  such  large  quasi-unipolar  regions 
tend  to  reconnect  at  low  altitudes,  resulting  in  a  single  po¬ 
larity  remaining  at  high  altitude  drawn  out  from  (he  sun  by 
the  solar  wind.  As  the  helds  are  stretched,  (hey  remain 
attached  to  the  rotating  sun  "beneath"  them,  and  each  held 
line  becomes  a  spiral  (Chapter  3.  Figure  2). 

Although  (he  sun  tends  to  have  a  dominant  polarity  in 
each  hemisphere,  polarities  from  one  hemisphere  often  in¬ 
trude  partially  into  the  other.  Thus  as  the  sun  nutates  and 


this  complicated  pancm  of  fields  is  drawn  out  into  space, 
a  very  complex  neutral  sheet  or  current  sheet  separating  the 
two  polarities  develops  (Figure  1-30). 

As  this  pattern  sweeps  by  (he  earth  (or  any  other  point 
near  the  ecliptic),  it  results  in  several  days  of  one  IMF 
polarity,  followed  by  a  sudden  reversal  and  several  days  of 


Figure  I  ' .Schenulk' iltuMalnui  i>f  the  3»arped  v»lar  currcm  Aheei  This 
unJulitimg  surfokC  divides  a'gtonv  m  intcrptaneUry 
having  magnctu  Ikki  ptHnttng  awav  tmm  (*r  umard  the  sun 
The  regnm  covered  by  ihiA  diagram  iv  approximately  20 
astrimtHiiK-al  unii\  (Hakamatta  and  Akavdu.  |Vlt2i 
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the  opposite  polarity.  This  yields  a  regular  pattern  of  mag- 
neiic  sectors  separated  by  seetiw  boundaries,  which  as  we 
saw  above  are  the  signatures  of  coronal  sineamers  sweeping 
by  the  earth.  Distirrtions  of  the  IMF  also  occur  as  the  flare 
streams  overtake  slower  streams  and  shocks  are  generated 
(Chapter  3).  For  further  information  refer  to  Hakamada  and 
Akasofu  |I9K2|. 

I.2.7.4  Transients,  Skylab  observations  demonstrated 
the  existence  of  a  phen'.imcium  never  before  observed  out¬ 
side  of  radio  frequencies  in  the  upper  corona:  the  coronal 
transient.  Fast  motions  had  been  observed  in  the  lower 
corona,  but  the  limited  height  range  observable  with  ground- 
based  coronagraphs  gave  no  indication  of  their  emirmous 
sire.  Skylab  showed  huge  bubble-shaped  disturbances  rising 
through  the  corona  and  expanding  until  their  sire  approached 
that  of  the  sun  itself  (Figure  1-3H.  As  they  enter  the  inter- 


Figure  I  M  While  light  phtHogrjph  of  a  ci»nmu!  irunsKMit  tibtained  with 
the  High  Mniuite  (HKcnju*r>  white  light  eotx»fH>graph  cx- 
penmetif  twi  Sk\bh  T7k*  hlu^k  circle  i>  mu  the  ^un  but  the 
iKCutfing  diM'  of  the  instrunvnl  UM.‘d  U>  Ntvk  ph»ito>- 
phene  light  The  ma’  o!  its  inucc  in  two  wilar  ridii  *niiN 
parttcular  ininNient  tracclcd  outward  from  the  >un  at  about 
kni  N  . 


planetary  medium,  the  transients  may  generate  a  shiKk  wave 
that  sweeps  out  into  space.  Their  origin  has  been  traced  to 
surges  or  prominence  eruptions. 

I.2.7.5  Coronal  Induced  Disturbances.  Direct  effects 
of  the  corona  on  communications  and  electronic  systems  on 
and  near  the  earth  come  mainly  through  the  very  short-lived 


electromagnetic  and  particle  emissions  connected  with  solar 
flares.  However,  minor  effects  may  occur  due  to  the  vari¬ 
ation  of  radiation  fmm  the  very  highly-ionized  elements  of 
the  corona.  As  solar  active  regions  and  their  associated 
streamers  grow  and  decay,  rotate  across  the  disk,  and  change 
in  number  with  the  solar  cycle.,  the  amount  of  high-energy 
radiation  falling  on  the  ionosphere  varies  slowly.  Parameters 
such  as  the  Maximum  Usable  Frequency  (MUF)  for  long- 
range  communications  ate  partially  controlled  by  the  struc- 
'  lute  of  the  corona,  and  knowledge  of  this  structure  aids  in 
the  prediction  of  such  parameters. 

Indirect  effects  of  the  corona  ate  manifested  through 
propagation  of  coronal  parameters  to  the  earth  by  means  of 
the  solar  wind  (Chapter  3).  Since  solar  wind  conditions  are 
directly  controlled  by  the  corona,  the  velocity,  density,  and 
magnetic  field  direction  and  magnitude  of  the  solar  wind 
are  all  determined  at  or  near  the  solar  surface.  It  is  these 
parameters  that  determine  whether  a  geomagnetic  disturb¬ 
ance  will  occur.  Geomagnetic  disturbances  generally  indi¬ 
cate  the  onset  of  a  wide  variety  of  particle  and  electro- 
magrtetic-radiation  effects  in  the  geosphere,  which  together 
or  separately  have  wide-ranging  effects  on  a  number  of 
systems.  In  addition.  Altrock  ||980|  has  found  that  even  if 
conditions  in  the,  solar  wind  are  not  conducive  to  the  onset 
of  a  geomagnetic  disturbance,  changes  in  upper-atmospheric 
density  may  occur  that  affect  satellite  orbits.  The  change 
may  be  connected  with  the  pas.sage  of  streamers  at  the  earth. 
Thus,  in  order  to  predict  and/or  protect  against  such  detri¬ 
mental  effects,  it  is  essential  to  have  a  thorough  observa¬ 
tional  and  theoretical  understanding  of  processes  in  the  solar 
corona. 


1.2.8  Solar  Variability  and  Climate 

While  the  spectacular  and  explosive  events  a.ssociated 
with  solar  flares  have  immediate  consequences  upon  the 
geophysical  environment,  the  radiant  energy  output  of  the 
sun  is  a  fundamental  factor  controlling  the  earth's  climate. 
Although  we  do  not  yet  have  a  firm,  quantitative  measure 
of  the  sensitivity  of  the  earth’s  climate  and  weather  to  changes 
in  the  solar  irtadiance.  climatologists  estimate  that  the  earth's 
mean  surface  temperature  wisuld  change  by  about  I  K  in 
respon.se  to  a  sustained  l**^  change  in  the  total  solar  irra- 
diance.  The  effects  of  a  small  change  in  the  mean  temper¬ 
ature  could  be  large.  An  increase  of  two  or  three  degrees, 
for  example,  would  suffice  to  melt  the  polar  icecaps,  raise 
the  sea  level  by  several  hundred  feet  and  fltxxl  large  areas 
of  present  coastland.  On  the  other  hatKi.  a  one  degree  de¬ 
crease  would  have  a  significant  adverse  impact  on  the  major 
grain  producing  regions  of  Kurope  and  North  America,  and 
a  decrease  of  perhaps  ten  degrees  would  probably  result  in 
total  glaciation  of  the  earth. 

Fonunaiely.  the  total  solar  irradiance  appears  to  be  rel¬ 
atively  constant,  although  this  fact  has  proven  rather  difficult 
to  verify.  Ground-hased  irradiance  measurements  require 
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larye  cancction!>  fur  almusphcric  alMorption.  which  is  both 
highly  selective  and  variable.  Conse(|uently.  such  measure¬ 
ments  cannot  achieve  an  acci'acy  better  than  ±  0.2*^. 
Measurements  from  spacecraft  have  until  only  recently  been 
limited  to  a  comparable  accuracy  d."*  to  detector  drift  prob¬ 
lems  caused  by  exposure  to  the  harsh  space  environment. 

The  variability  of  the  solar  irradiance  in  the  ultraviolet 
and  radio  portions  of  the  spectrum  is  well-established  (Chap¬ 
ters  2  and  1 1 )  and  is  clearly  associated  with  various  man- 
ifestMions  of  solar  magnetic  activity  such  as  flares.  Fur¬ 
thermore.  the  SMM  radiometer  measurements  have  clearly 
detected  short-term  fluctuations  of  0.1-0.291  in  Che  total 
iiradiahce  (Figure  1-32)  that  correlate  with  the  passage  of 
large  sunspot  groups  across  the  face  of  Che  sun.  However, 
longer  term  trends  have  been  mote  difficult  to  establish^ 
Because  there  is  no  long  term  informatiem  from  space-borne 
instruments,  ground-based  measurements  still  provide  the 
best  information  concerning  such  trends.  There  is  soriK 
marginal  evidence,  based  on  measurements  of  light  reflected 
from  solar  system  bodies  as  well  as  direct  radiometry.  for 
a  slight  increase  of  about  0.49f  in  tiHal  irradiance  between 
1968  and  1978.  On  the  other  hand,  other  ground-based 
radiometric  measurements  show  no  evidence  for  any  vari- 
itfion  exceeding  0.2'J-  over  the  .30  year  interval  from  1923 
to  1952.  For  mote  information  refer  tc  White  |I977|. 


1.2.9  Predictions  of  Geophysk^ 

Disturbances 

1.2.9. 1  Flare  Prediction.  Rare-induced  geophysical 
disturbances  adversely  affect  many  communications,  nav- 
igatiim.  and  other  electronic  systems.  Therefore  daily  pre¬ 
dictions  for  the  level  of  flare  activity  are  issued  by  the  joint 
USAF/NOAA  (National  CXreanic  and  Atmospheric  Admin¬ 
istration)  Space  Environment  Services  Center  (SESC)  lo¬ 
cated  in  Boulder.  Colorado,  wording  with  Air  Force  Global 
Weather  Central  (GWC).  Offutt  Air  Force  Base.  Nebraska. 
Present  techniques  foi  preparing  strlar  forecasts  are  based 
on  empirical  relationships  between  flare  (KeunetKe  and  other 
active  region  parameters  such  as  sunspot  group  type,  mag¬ 
netic  ctunplexity.  and  region  evolution  characteristics. 

Most  of  the  data  used  at  SESC  is  provided  by  the  Solar 
Electm-Optical  Network  ( SEON )  operated  by  the  US AF  Air 
Weather  Service.  SEON  consists  both  of  optical  telescopes 
(SOON  -  Solar  Observing  Optical  Network)  and  radio  tel¬ 
escopes  (RSTN  -  Radio  .Solar  Telescope  Network).  The 
selection  of  the  final  SEON  site  (southeastern  Italy)  was 
announced  in  September  1982.  SCXJN  sites  are  located  at 
five  (four  sites  already  operational  in  1980)  widely-spaced 
longitudes.  pn>viding  continuous  24-hour  monitoring  ca¬ 
pability.  SOON  provides  data  on  solar  magnetic  configu- 
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ilions.  sunspot  types  and  locations,  and  chromospheric 
iiaracterislics.  Four  SEON  sites  compose  RSTN,  which 
lonitofs  solar  background  radio  emission  (lO-cm  flux)  as 
«li  as  the  type  and  sizes  of  flare-associated  radio  bursts. 
EON  issues  immediate  reports  of  flare  occurrences,  im- 
ottaiKX,  and  locations  for  use  at  SESC  and  GWC. 

The  near-real  time  acquisition  of  solar  data  by  SEON 
nd  other  observatories,  as  well  as  present  and  planned 
itellite  monitors,  is  making  available  daily  a  large  number 
.  f  parameters  for  each  active  region  on  the  solar  disk.  This 
lass  of  data  lends  itself  to  computer  programs  using  so- 
histicated  statistical  procedures  to  maximize  the  predictive 


capability  of  the  data.  One  technique,  using  a  variation  of 
multivariate  discriminant  analysis  (MVDA)  developed  at 
AFGL,  has  resulted  in  an  objective  flare  forecast  superior 
to  the  presently-usci^,  subjectively-derived  forecasts. 

i.2.9.2  Coronal  Disturbance  Prediction.  SESC  also 
predicts  geomagnetic  disturbances  due  to  coronal  fluctua¬ 
tions  as  part  of  its  daily  program.  Primary  tjata  sources  come 
from  the  National  Solar  Observatory’s  Sacramento  Peak 
coronal  photometer  and  Kitt  Peak  Hel  10830  A  patrol,  and 
dte  ueSD's  radio  scintillation  program  (Section  1. 1.3.4). 
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Chapter  2 


SOLAR  ULTRAVIOLET  IRRADIANCE 

Section  2.1  L.A.  Hall 

Sections  2.2-2,8  L.J.  Heroux  and  H.E.  Hinteregger 


.1  SOLAR  UV  IRRADIANCE  IN  THE 
STRATOSPHERE 

.1.1  Solar  Spectrum  Between  2000  and  3000  A 

Solar  radiation  incident  on  the  earth's  atmosphere  is 
■sorbed  in  the  spectral  range  2000-3000  A  by  stratospheric 
one  in  the  Ha.tley  band.  This  absorption  is  an  almost 
uctureless  continuum  having  a  maximum  near  2350  A 
d  falling  almost  symmetrically  on  both  sides.  The  ab- 
rption  of  solar  radiation  in  this  range  provides  the  energy 
r  stratospheric  photochemistry  and  is  the  major  part  of  the 
at  input  which  produces  the  local  temperature  maximum 
the  stratopause  around  30  km. 

Measurements  of  the  2000-3000  A  spectrum  in  the  strata 
phere  can  be  made  up  to  about  40  km  by  means  of  high- 
titude  balloons.  Only  about  3%  of  the  total  ozone  column 
msity  remains  above  40  knt;  but  at  2550  A  where  the 
isorption  coefficient  of  ozone  fwaks,  only  3%  of  the  in¬ 
dent  solar  radiation  penetrates  to  40  km  at  local  noon  and 
I"  latitude.  This  can  be  seen  in  Figure  2-1 ,  where  the  bowl- 
aped  depression  between  2900  and  2200  A  is  caused  by 
:one  absorption  (see  Chapter  21). 


Table  2-1  gives  the  solar  spectrum  in  I -angstrom  av¬ 
erages  from  a  measurement  made  on  19  April  1978  at  Hol¬ 
loman  AFB,  N.M.  The  data  in  Table  2-1  were  taken  at  a 
balloon  float  altitude  of  41.4  km  at  1022  h  local  time.  The 
solar  zenith  angle  was  29.6°  and  the  ozone  column  density 
above  41.4  km  was  about  2.7  x  10’’  molecules/cm^.  Fur¬ 
ther  details  and  a  description  of  the  instrumentation  and  its 
calibration  are  given  by  Hall  11981). 

2.2  SOLAR  CONSTANT  AND  SPECtRAL 
IRRADIANCE 

2.2.1  Solar  Constant 

The  solar  con.stant  S  is  the  total  solar  radiative  energy 
at  the  top  of  the  earth’s  atmosphere  corrected  for  the  mean 
sun-earth  distance.  The  solar  constant  or  total  solar  irradi- 
ance  expressed  in  units  of  watts  per  square  meter  (W/m^) 
is  the  largest  contributor  to  the  earth's  energy  budget.  There 
have  been  several  measurements  of  the  solar  constant  as 
summarized  by  Frohlich  ( 1977],.  The  most  probable  value 
for  S  proposed  by  Frohlich  is  S  =  1373  ±  20  W/m^. 
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71.9 

55.2 

65.8 

48.9 

60.1 

59.2 

32.3 

71.6 

98.9 

,74.4 

26.9 

62.6 

51.6 

63.8 

66.6 

103 

70.7 

26.1 

42.3 

31.6 

90.5 

87.0 

57.2 

85.7 

102 

87.0 

42.9 

53.2 

26.0 

77.7 

70.1 

71.9 

,  106 

81.6 

113 

123 

85.4 

34.6 

45.3 

51.7 

63.2 

67.3 

76.0 

56.9 

40.3 

94.0 

92.4 

no 

69.1 
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Tabk  2- 1 .  (C€Hiiimied} 


. 

One  Angstrom  averages  centered 

on  the  wavelength  in 

units  of  10" 

ph  cm‘^  s' 

■A'- 

A 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

3000 

46.3 

25.8 

61.7 

36.8 

57.2 

93.5 

90.1 

54.5 

46.8 

65.9 

10 

69.0 

110 

54.5 

101 

85.2 

82.8 

83.4 

89.5 

54.6 

45.2 

20 

48.5 

14.7 

62.1 

109 

76.4 

97.4 

,  41.2 

108 

133 

104 

30 

100 

93.5 

104 

139 

120 

118 

132 

78.3 

43.3, 

112 

40 

117 

86.5 

66.3 

96.3 

120 

121 

138 

79.3 

50.0 

108 

50 

134 

80.8 

168 

142 

79.0 

,  96.0 

126 

83.0 

44.9 

44.2 

60 

90.7 

111 

117 

129 

77.0 

89.2 

101 

63.8 

83.7 

114 

70 

123 

121 

96.2 

109 

122 

109 

78.6 

134 

107 

107 

80 

125 

115 

67.6 

103 

101 

144 

150 

%.9 

77.3 

134 

90 

85.1 

81.2 

90.6 

30.5 

73.2 

117 

113 

47.4 

%.9 

105 

Two  rocket  flight  measurements  of  the  solar  irradiance 
were  also  reported  by  Willson  et  al.  ( I980|.  The  total  solar 
flux  measurement  for  29  June  1976  was  1368. 1  ±  0.5  W/m^ 
and  for  16  November  1978  was  1373.4  t  "  i*.  These 

measurements  are  within  the  error  estim  -ihlich. 


The  solar  spectral  inadiance  S  AX,  deflned  as  the  irra¬ 
diance  per  wavelength  interval  AX,  is  plotted  in  Figure  2- 
2  for  wavelengths  longer  than  3000  A.  This  figure  is  based 
on  data  from  Labs  and  Neckel  between  3000  A  and  3  )tm, 
and  Thekaekara  above  3  p.m.  These  sources  of  data  are  from 


.Figure  2-2.  The  solar  spcc'ril  irradiance  for  wavelengths  longer  than  .MlOit  A.  Th-  data  between  .MXX)  A  and  .2  g.m  are  trom  Labs  and  Neckel  and  from 
Thekaekara  above  3  jim.  These  da!a  are  from  a  summary  given  by  Pierce  and  Allen  1 19771, 
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a  summary  given  by  Pierce  and  Allen  1 1977).  The  spectral  ,  activity  near  the  minimum  value  of  activity  for  the  1 1 -year 
region  above  3000  A  accounts  for  approximately  99^f  of  solar  cycle.  The  irradiance  values  between  I  and  10  A  are 

the  solar  constant.  Nearly  all  of  this  energy  reaches  the  from  Krcplin  11977).  between  10  and  50  A  from  Manson 

surface  of  the  earth  since  atmospheric  absorption  of  the  [I977].andbetwcen50and  IHSOAfromthesolarminimuin 

radiation  is  negligible.  The  irradiance  in  this  wavelength  reference  specmim  of  Heroux  and  Hinteregger  1 1978|.  The 

region  does  not  appear  to  vary  with  solar  activity.  Because  iiradiance  between  1850  and  2090  A  from  Semain  and  Si- 

this  region  is  the  principal  source  of  solar  energy,  the  vari-  mon  and  between  2090  and  2300  A  frdm  Simon  is  from  a 

ation  in  the  total  solar  irradiance  or  solar  constant  is  also  summary  of  Delaboudiniere  ct  al.  |I978|.  The  irradiance 
small  and  is  now  believed  to  be  less  than  ±  1%.  between  2300  and  3150  A  was  measured  by  Mount  and 

Rottman  1 1981 1  in  a  rocket  flight  flown  .tear  solar  maximum 
of  the  present  solar  cycle  21 .  However,  because  the  spectral 
2.2.2  §olar  Irradiance  Between  1  and  3000  A  irradiance  in  this  longer  UV  wavelength  region  does  not 

For  Solar  Minimum  vary  significantly  with  solar  activity,  these  irradiance  values 

should  also  represent  solar  minimum  conditions.  In  Table 
The  solar  spectral  irradiance  for  wavelengths  below  3180  2-2,  the  solar  spectral  irradiance  is  giver,  in  units  of  photons 

A  at  the  top  of  the  earth's  atmosphere  is  tabulated  in  Table  cm  ’s  '  and  in  units  of  mW/m’.  which  is  also  equivalent  to 

2-2  for  10  A  wavelength  intervals.  The  values  of  irradiance  .  ergs  cm  ’s  '.  The  fourth  column  in  Table  2-2  gives  the 
for  the  wavelength  range  I  to  2300  A  are  for  levels  of  solar  percentage  of  the  total  solar  irradiance.  s  =  1373  W/m’, 


Table  2-2.  Solar  irradiance  and  cumulative  irradiance  for  quiet  sun  at  the  top  of  the  earth's 

atmosphere.  S  =  1375  W/m*. 

1  mWm"*  =  1  erg  cm"^  s'' 

Wavelength  Interval 

A 

(10’  photons  cm"’  s"') 

Sax 

mWm  ’ 

2  Sax/s 

0 

% 

l-IO 

0.0005 

0.002 

0.15  X  i(y* 

10-20 

0.0014 

0.002 

0.29 

20-30 

0.0076 

0.006 

0.73 

i  30^ 

0.088 

0.050 

4.4 

40-50 

0.095 

0.042 

7.4 

I-.50 

0.193 

0.102 

50-60 

0.055 

0.020 

8.9  X  KT* 

60-70 

0.069 

0.021 

1.0  X  10^  * 

70-80 

0.073 

0.019 

1.2 

80-90 

0.106 

0.025 

1.4 

90-100 

0.094 

0.020 

1.5 

.50-100 

0.397 

0.105 

lOO-HO 

0.048 

0’009 

1.6  X  10^’ 

110-120 

0.017 

0.003 

1.6 

120-1.30 

0.014 

0.002 

1.6 

1-30-140 

0.009 

0.001 

1.6 

140-1.50 

0.062 

0.008 

1.7 

100-1.50 

0.150 

0.023 

1.50-160 

0.082 

0.011 

1.8  X  10^^ 

160-170 

0.115 

0.14 

1.9 

170-180 

0,782 

0.089 

2.5 

180-190 

0.787 

0.085 

3.1 

190-200 

0.602 

0.062 

3.6 

1.50-200 

231 

0.261 

200-210 

0.292 

0.029 

3.8  X  10 

210-220 

0.266 

0.024 

4.0 
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TlMe  2-2.  iCtmtiimlfd) 


Wavelength  Interval 

A 


220-230 

230-240 

240-250 

200-250 

250-?60 

260-270 

270-280 

280-290 

290-300 


♦ax 

(10*  photons  cm  *  s  ') 


Sax 

mWm'* 


.16! 

0 

.027 

0 

.f)02 

0 

.187 

0 

.005 

0 

.382 

0 

ri> 

KU 

Ki;; 

u5 


009 

.305 

0 

0 

026 

0 

053 

0 

173 

0 

.566 

0 

.163 

0 

.025 

0 

ill 

0 

.120 

0 

.021 

0 

2  Sax/S 
0 

% 


5.3  X  I0-’ 

5.4 
5.8 

5.7 

5.8 


9.5  X  10-* 
9.7 

9.7 

9.8 


006 

1.0  X  10-* 

045 

1.0 

1.0 

1.0 

001 

AC^ 

1.0 

008 

1.0  X  10^ 

1.0 

1.0 

1.0 

1.0 

1.0  X  itr* 

013 

i.i 

1.1 

1.1 

007 

1.1 

U23 

006 

1.1  X  Itr* 

OCl 

1.1 

1.1 

I.I 

11 

UIO 

028 

1.1  X  10^ 

1.1 

1.1 
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TMc  2-2.'  (Cowiwtn/t 


' 

i  sws 

Wavelength  Interval 

4»ax 

Saa 

0 

A 

(10*  photons  cm'*  s"') 

mWm* 

% 

580-590 

1.270 

0.043 

1.1 

590-600 

0.155 

0.005 

1.1 

550-600 

2.34 

0.080 

600-610 

0.530 

0.017 

1.1  X  10^ 

610-620 

0.017 

0.001 

l.l 

620-630 

1.832 

0.058 

1.2 

630-640 

0.021 

0.001 

1.2 

540-650 

0.062  . 

0.002 

1.2 

600-650 

2.46 

0.079 

650-660 

Q.026 

0.001 

1.2  X  Itr* 

660-670 

0.014 

0.000 

1.2 

670-680 

0.014 

0.000 

1.2 

680-690 

0.131 

0.004 

1.2 

690-700 

0.044 

0  001 

1.2 

650-700 

0.229 

0.006 

700-710 

0.369 

0.010 

1.2  X  10'^ 

710-720 

0.072 

0.002 

1.2 

720-730 

0.015 

0.000 

1.2 

730-740 

0.019 

0.001 

1.2 

740-750 

0.024 

0.001 

1.2 

700-750 

0.499 

0.014 

750-760 

0.117 

0.003 

1.2  X  lO-* 

760-770 

0.340 

0.009 

1.2 

770-780 

0.323 

0.008 

1.2 

780-790 

0.587 

0.015 

1.2 

790-800 

0.516 

0.013 

1.2 

750-800 

1.88 

0.048 

800-810 

0.1 11 

0.003 

1.2  X  10-* 

810-820 

0.143 

0.003 

1.2 

820-830 

0.184 

0.004 

1.2 

830-840 

0.857 

0.020 

1.3 

840-850 

0.305 

0.007 

800-850 

1.60 

0.037 

850-860  . 

0.392 

0.009 

1.3  X  itr* 

860-870 

0.504 

0.012 

1.3 

870-880 

0.643 

0.015 

1.3 

880-890 

0.833 

0.019 

1.3 

890-900 

1.071 

0.024 

1.3 

850-900 

,  3.44 

0.079 

900-910 

1.487 

0.033 

1.3  X  10^ 

910-920 

0.502 

0.011 

1.4 

920-930 

0.274 

0.006 

1.4 

930-940 

0.447 

0.009 

1.4 

940-950 

0.408 

0.009 

1.4 
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TaMc  2*2. '  iOmtimteth 


A 


Wivelengih  Interval 

A 

tlO"*  photons  cm  ■  s  ') 

mWm  * 

0 

% 

900-950 

3.12 

0.068 

950-960 

0.048 

0.001 

1.4  X  10-* 

960-970 

0.058 

0.001 

1.4 

970-980 

5.069 

0.103 

1.5 

980-990 

0.253 

0.005 

1.5 

990-1000 

0.439 

O.O09 

1.5 

950-1000 

5.87 

0.119 

1000-1010 

0.119 

0.002 

1.5  X  10-* 

1010-1020 

0.222 

0.004 

1.5 

1020-1030 

3.671 

0.071 

1.5 

1030-1040 

3.794 

0.073 

1.6 

1040-1050 

0.244 

0.005 

1-6 

1000-1050 

8.05 

0.155 

1050-1060 

0.292 

0.006 

1.6  X  10-* 

1060-1070 

0.405 

0.008 

1.6 

1070-1080 

0.528 

0.010 

1.6 

1080-1090 

1.021 

0.019 

1.6 

1090-1100 

0.599 

0.01 1 

1.6 

1050-1100 

2.85 

0.054 

■ 

IIOO-IIIO 

0.083 

0.001 

1.6  X  10^ 

1110-1120 

0.022 

0.000 

1.6 

1120-1130 

0.679 

0.012 

1.6 

1130-1140 

0.045 

0.001 

1.6 

1140-1150 

0.077 

0.001 

1.6 

1100-1150 

0.906 

0.015 

1150-1160 

0.129 

0.002 

1.6  X  KH 

1160-' 170 

0.219 

0.004 

1.6 

1170-1180 

2.872 

0.049 

1.7 

1180-1190 

0.493 

0.008 

1.7 

1190-i200 

0.675 

0.011 

1.7 

1150-i200 

4.39 

0.074 

1200-1210 

4.855 

0.080 

1.7  X  icr* 

1210-1220 

251.774 

4.114 

4.7 

1220-1230 

0.6.36 

.  0.010 

4.7 

1230-1240 

1.480 

0.024 

4.8 

1240-1250 

0.640 

0.010 

4.8 

1200-1250 

259.39 

4.24 

1250-1260 

1.080 

0.017 

4.8  X  I0-* 

1260-1270 

0.930 

0.015 

4.8 

1270-1280 

0.750 

0.012 

4.8 

1280-1290 

0.500 

0.008 

4.8 

1290-1300 

0.860 

0.013 

4.8 
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TMe2-2  (OmiiiHirJ) 

— 

Wavelength  Interval 

k 

110*  photons  cm  *  s  ') 

Sax 

mWm'^ 

0 

% 

1250-1300 

4.12 

0.065 

1300-1310 

4.585 

0.070 

4.9  X  la* 

1310-1320 

0.780 

0.012 

4.9 

1320-1330 

0.780 

0.012 

4.9 

1330-1340 

5.300 

0.079 

4.9 

1340-1350 

0.920 

0.014 

4.9 

1300-1350 

12.37 

0.187 

1350-1360 

1.47 

0.022 

5.0  X  lO-* 

1360-1370 

1.05 

0.015 

5.0 

1370-1380 

1.13 

0.016 

5.0 

1380-1390 

1.04 

0.015 

5.0 

1390-1400 

2J0 

0.038 

5.0 

1350-1400 

7.39 

0.106 

■ 

1400-1410 

2.70 

0.038 

5.1  X  lO-* 

1410-1420 

1.59 

0.022 

5.1 

1420-1430 

1.90 

0.02;> 

5.1 

1430-1440 

2.10 

0.029 

5.1 

1440-1450 

2.10 

0.029 

5.1 

1400-1450 

10.39 

0.144 

1450-1460 

2.30 

0.031 

5.2  X  10^ 

1460-1470 

3.00 

0.041 

5.2 

1470-1480 

3.80 

0.051 

5.2 

1480-1490 

3.70 

0.049 

5.3 

1490-1500 

3.40 

0.045 

5.3 

1450-1500 

16.20 

0.217 

1500-1510 

3.90 

0.051 

5.3  X  l(r* 

1510-1520 

4.50 

0.059 

5.4 

1520-1530 

5.50  . 

0.072 

5.4 

1530-1540 

5.90 

0.076 

5.5 

1540-1550 

9.50 

0.122 

5.6 

1500-1550 

29..30 

0.380 

1550-1560 

8.80 

0.113 

5  6  X  10* 

1560-1570 

9.00 

0.114 

5.7 

1570-1580 

7.70 

0.097 

5.8 

1580-1590 

7.10 

0.089 

5.9 

1590-1600 

7.20 

0.090 

5.9 

1550-1600 

39.S0 

0.503 

‘ 

1600-1610 

7.90 

0.098 

6.0  X  10^ 

1610-1620 

9.40 

0.116 

6.1 

1620-1630 

11.10 

0,136 

6.2 

1630-1640 

12.00 

0.146 

6.3 

1640-1650 

15.30 

0.185 

6.4 
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TiMr  2*2.  (Cmwiwiirrfl 


A 


Wavelength  interval 

A 

(10*  photons  cm  *  s"') 

mWm* 

2 

0. 

% 

1600-1650 

55.70 

0.681 

1650-1660 

25.00 

0.300 

6.6  X  icr* 

1660-1670 

18.40 

0.220 

6.8 

1670-1680 

23.00 

0.273 

7.0 

1680-1690 

26.99 

0.318 

7.2 

1690-1700 

37.02 

0.434 

7.6 

1650-1700 

130.41 

1.55 

■ 

1700-1710 

43.00 

0.501 

7.9  X  1(7^ 

1710-1720 

43.99 

0.510 

8.3 

1720-1730 

45.98 

0.530 

8.7 

1730-1740 

41.99 

0.481 

9.0 

1740-1750 

50.02 

0.569 

9.4 

1700-1750 

224.98 

2.59 

1750-1760 

56.99 

0.645 

9.9  X  10-* 

1760-1770 

61.97 

0.698 

1.0  X  1(7 » 

1770-1780 

74.02 

0.828 

l.l 

1780-1790 

80.99 

0.901 

1.2 

1790-1800 

82.96 

0.908 

1.2 

1750-1800 

356.93 

3.99 

1800-1810 

103.00 

1.13 

1.3  X  IO-» 

1810-1820 

126.00 

1.38 

1.4 

1820-1830 

132.02 

1.44 

1.5 

1830-1840 

131,96 

1.43 

1.7 

1840-1850 

1 10.95 

1.20 

1.7 

1800-1850 

603.93 

6.57 

1850-1860 

190.51 

2.04 

1.9  X  10-* 

1860-1870 

237.55 

2.53 

2.1 

1870-1880 

265.25 

2.81 

2.3 

1880-1890 

279.95 

2.95 

2.5 

1890-1900 

293.84 

3.08 

2.7 

1850-1900 

1267.10 

13.41 

1900-1910 

293.48 

3.06 

2.9  X  10-’ 

1910-1920 

332.62 

3.45 

3.2 

1920-1930 

347.92 

3.59 

3.4 

1930-1940 

254.26 

2.61 

3.6 

1940-1950 

446.52 

4.56 

4.0 

1900-1950 

1674,80 

17.27 

1950-1960 

427.16 

4.34 

4.3  X  10^’ 

1960-1970 

485.73 

4.91 

4.6 

1970-1980 

487.21 

4.90 

5.0 

1980-1990 

492.68 

4.93 

5.3 

1990-2000 

552.41 

5.50 

5.7 

1950-2000 

2445.19 

24.58 

MO 
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Tabic  2-2.  iCoMiMimA 


Wavekngth  Interval 

A 

(10*  photons  cm  *  s  ') 

Saa 

mWm  * 

SSas/S 

0 

% 

2000-2010 

624.83 

6.19 

6.2  X  10^' 

2010-2020 

629.98 

6.21 

6.8 

2020-2030 

642.27 

6.30 

7.1 

2030-2040 

763.27 

7.45 

7.6 

2040-2050 

895.71 

8.70 

8.3 

2000-2050 

3556.06 

34.85 

2050-2060 

919.75 

8.89 

8.9  X  10-' 

2060-2070 

964.77 

9.28 

9.6 

2070-2080 

1128  23 

10.80 

1.0  X  10-' 

2080-2090 

1270.13 

12.10 

l.l 

2090-2100 

2562.98 

24.30 

1.3 

2050-2100 

6845.86 

65.37 

2100-2110 

2.72  X  10** 

25.6 

1.5  X  10-' 

2110-2120 

3.52 

33.1 

1.7 

2120-2130 

2.92 

27.3 

1.9 

2130-2140 

3.81 

35.4 

2.2 

2140-2150 

4.81 

44.5 

2.5 

2100-2150 

17.78  X  1C*' 

165.90 

2150-2160 

3.74  X  10*» 

34.5 

2.8  X  10^* 

2160-2170 

3.48 

31.9 

3.0 

2170-2180 

3.72 

34.0 

3.2 

2180-2190 

5.07 

46.1 

3.6 

2190-2200 

5.60 

50.7 

3.9 

2150-2200 

21.61  X  10' 

197.2 

2200-2210 

5.42  X  10' 

48.8 

4.3  X  10-' 

2210-2220 

4.19 

37.6 

4.6 

2220-2230 

5.80 

51.8 

5.0 

2230-2240 

7.% 

70.7 

5.5 

2240-2250 

7.17 

63.4 

5.9 

2200-2250 

30.54  X  10' 

272.3 

2250-2260 

6.95  X  10' 

61.2 

6.4  X  lO' 

2260-2270 

5.34 

46.8 

6.7 

2270-2280 

5.50 

48.0 

7.1 

2280-2290 

8.88 

77.2 

7.6 

2290-2300 

7.18 

62.1 

8.1 

2250-2300 

33.85  X  10' 

295.3 

2300-2310 

6.88  X  10' 

59.3 

8.5  X  10' 

2310-2320 

5.94 

51.0 

8.9 

2320-2330 

6.54 

55.9 

9.3 

2330-2340 

5.42 

46.1 

9.6 

2340-2350 

4.87 

41.3 

9.9 

2300-2350 

29.65  X  10' 

253.6 
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TaMe 


Wavelength  interval 

A 


IIO'*  ph<it(tns  cm  ’  s  ') 


So. 

mWni  ' 


SSaa/S 

o 


2 

1.0  X 

la 

.9 

i.l 

.4 

l.l 

6 

I.l 

5 

1.2 

.6 

1 

1.2  X 

10 

6 

1.3 

9 

1.3 

3 

1.4 

8 

1.4 

,7 

3 

1.4  x 

la 

7 

1  5 

2 

1.5 

4 

1.6 

1 

1.6 

,7 

- 

1.6  X 

10 

9 

,  1.7 

.7 

1.7 

.1 

1.8 

.8 

1.8 

2 

,1 

1.9  X 

10 

1.9 

2.0 

2.1 

.9 

2.2 

.7 

2.3  X 

10 

0 

2.3 

2.4 

2.5 

2.7 

2.9  X 

10  ' 

3.1 

3.3 

3.4 

3.6 
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Tabk  2-2. 

I 


u 


Wavelen'ilh  Interval 

A 

♦a* 

(lO"  photons  cm  *  s  ') 

Sa* 

mWm 

u 

% 

27»i-27IO 

35.7  X  10' 

262 

3.8  X  10 ' 

2710-2710 

29.3 

214 

4.0 

2720-2730 

^  26.0 

190 

4.1 

2730-2740 

28.6 

208 

4.2 

2740-2750 

18.2 

132 

4.3 

2700-2750 

138  X  10' 

1006  ' 

2750-2760 

21.2  X  10' 

153 

4.4  X  10  ' 

2760-2770 

32. 1 

231 

4.6 

2770-2780 

34.6 

248 

4.8 

2780-2790 

24.9 

178 

4.9 

2790-2800 

13.3 

95 

5.0 

2750-280C 

126  X  10' 

905 

2800-2810 

13.1  X  10' 

92.8 

5.1  X  10' 

2810-2820 

28.9 

204 

5.2 

2820-2830 

40.1 

282 

5.4 

2830-2840 

44.0 

308 

5.6 

2840-2850 

33.9 

237 

5.8 

2800-2850 

160  X  10' 

1124 

2850-2860 

22.6  X  10' 

157 

5.9  X  10  * 

2860-2870 

46.9 

325 

6.2 

2870-2880 

45.7 

316 

6.4 

2880-2890 

44.4 

306 

6.6 

2890-2900 

63.9 

438 

7.0 

2850-2900 

224  X  10' 

1542 

2900-2910 

81.6  X  10' 

558 

7.3  X  10  ' 

2910-2910 

77.1 

525 

7.7 

2920-2930 

68.3 

464 

8.1 

2930-2940 

73.9 

500 

8.4 

2940-2950 

69.2 

467 

8.8 

2900-2950 

370  X  10' 

2514 

2950-^960 

68.1  X  10' 

458 

X 

o 

2960-2970 

73  6 

493 

9.5 

2970-2980 

61.1 

408 

9.8 

1980-2990 

64.0 

426 

1.0  X  1 

2990-3000 

64.4 

427 

1.0 

2950-3000 

331  A  «>' 

2212 

■  3000-3010 

50  8  X  10' 

3.56 

1.1 

3010-3020 

59.3 

.591 

1.1 

3020-3030 

63.5 

417 

l.l 

3030-3040 

77.7 

.509 

1.2 

3(340-3050 

74.9 

.  489 

1.2 

3000-3050 

326  X  lO' 

2142  , 
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TiMe  2-2.  tConiinufJi 


Wavelength  Interval 

A 

♦as 

(10*  photons  cm"^  s  ') 

S4* 

mWm  * 

isas/S 

0 

% 

3050-3060 

73.5  X  la’ 

478 

1-2  ; 

3060-3070 

71.9 

466 

1.3 

.3070-3080 

79.0 

510 

1.3 

.3080-.3090 

76.4 

492 

1.3 

.3090-3100 

58.5 

375 

1.4 

.30.'>0-3l00 

359  X  10’ 

2321 

' 

3100-3110 

78.5  X  lO’ 

502 

1-4 

3110-3120 

87.9 

561 

.  1.4 

3120-3130 

78.9 

502 

1.5 

1130-3140 

85.3 

540 

1.5 

3140-31.50 

74.6 

471 

1.6 

3100-3150 

405.2  X  10', 

2576 

3150-3160 

66.5  X  10’ 

419 

1.6 

3160-3170 

77.8 

488 

1.6 

3170-3180 

105 

657 

1.7 

contributed  by  the  wavelength  region  shorter  than  the  listed 
wavelength.  For  example,  the  solar  irradiance  for  the  entire 
wavelength  region  below  3000  A  is  I  %  of  tlie  solar  constant. 

The  solar  irradiance  based  on  Table  2-2  is  plotted  for 
20  A  wavelength  intervals  in  Figure  2-3.  The  pronounced 
structure  for  the  wavelength  Region  I  to  ISOO  A  arises  from 
emission  lines  of  elements  abundant  in  the  sun.  The  high 
levels  of  irradiance  in  the  intervals  300-320  A  and  1200- 
1220  A  originate  primarily  from  the  solar  emission  lines  of 
He  II  at  303.78  A  and  hydrogen  Lyman-a  (H  Ly-o)  at 
1215.67  A.  respectively.  The  solar  spectrum  above  about 
1500  A  is  essentially  a  continuum  with  absorption  and  emis¬ 
sion  lines  superimposed  on  the  continuum. 
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2.2i3  Solar  Irradiance  Below  1200  A 

The  temperature  of  the  visible  surface  of  the  sun  is  about 
6000  K.  if  the  temperature  is  measured  as  a  function  of 
distatKe  outward  from  the  surface  of  the  sun,  the  temper¬ 
ature  decreases  to  about  4500  K  at  the  top  of  the  photosphere 
(tKar  500  km)  and  increases  gradually  in  the  chromosphere 
which  extends  to  about  2000  km.  As  can  be  seen  in  Figure 
2-4.  the  temperature  increa.ses  rapidly  ftx>m  abtiut  Iff"  to 
5  X  lO'  K  In  a  very  narrow  transition  region  near  2000 
km.  and  then  continues  to  increase  gradually  in  the  corona 
where  the  temperature  can  exceed  2  x  10*'  K.  The  solar 
UV  spectrum  between  I  and  3000  A  is  produced  throughout 
this  spatial  region  which  encompasses  a  temperature  range 
from  the  photospheric  minimum  temperature  of  4500  K  to 
the  corona!  temperature  of  2  x  10*  K. 

The  solar  spectrum  between  3000  and  1300  A  is  pro- 
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Figure  2-.t  The  solar  spectral  irradiance  between  I  and  .WOO  A  For  a 
quiet  sun  at  the  top  of  the  earth's  atmosphere.  The  plotted 
values  arc  averages  over  20  k  intervals  of  wavelength. 
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me  2-4.  The  spatial  distribution  of  temperatuie  in  the  solar  chromo¬ 
sphere  and  corona.  The  temperatute  region  of  production  of 
several  multiply-ionized  species,  is  also  given. 


duced  predominantly  in  the  upper  photosphere  and  lower 
chromosphere.  The  dominant  feature  in  this  wavelength  re¬ 
gion  is  a  continuum  that  becomes  apparent  near  1300  A  and 
increases  in  intensity  toward  longer  wavelengths  as  is  evi¬ 
dent  in  Figure  2-3.  There  are  numerous  emission  and  ab¬ 
sorption  lines  superimposed  on  the  continuum.  At  wave¬ 
lengths  shorter  than  about  1300  A,  the  solar  spectrum  consists 
predominantly  of  sharp  emission  lines  that  originate  from 
transitions  in  multiply  ionized  atomic  species  that  are  pro¬ 
duced  over  the  wide  range  of  temperatures  established  in 
the  chromosphere  and  corona.  Figure  2-4  indicates  the  tem¬ 
perature  regions  in  which  several  of  the  ion  species  observed 
in  the  solar  spectrum  are  produced.  An  example  of  the  solar 
UV  spectrum  between  1300  and  270  A,  measured  on  the 
NASA  OSO  3  satellite  by  Hall  and  Hinteregger  11970),  is 
given  in  Figure  2-5.  The  scattered  light  background  beneath 
the  spectrum  is  estimated  from  a  pre-flight  calibration  to 
decrease  gradually  from  1 50  counts  near  1 20  A  to  50  counts 


Figure  2-5.  The  solar  UV  spectrum  between  l.'tOO  and  270  A  observed  from  the  .satellite  OSO  3.  The  folding  of  the  data  for  H  Ly  a  line  at  1216  A  is 
introduced  by  the  pulse  counting  circuitty  |Hall  and  Hinteregger.  I970|. 
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ar  270  A.  The  reversal  of  the  center  of  the  intense  hy- 
)gen  Lyman-  a  line  at  1216  A  is  instrumental,  caused  by 
erflow  of  the  photon  counter.  The  hydrogen  continuum 
rich  extends  from  about  91 1  A  toward  shorter  wavelengths 
the  only  significant  continuum  in  the  spectrum  for  wave- 
igths  shorter  than  1300  A.  A  detailed  discussion  of  the 
ectrum  shown  in  Figure  2-5  is  given  by  Hall  and  Hinter- 
ger  119701. 

The  solar  UV  spectrum  between  300  and  100  A  mea- 
red  in  a  rocket  flight  on  4  April  l%9  is  given  in  Figure 
6.  The  figure  is  from  a  paper  by  Malinovsky  and  Heroux 
9731  where  the  top  of  the  atmosphere  intensities  of  the 
les  are  also  tabulated.  For  the  wavelength  interval  300- 
.0  A.  one  can  see  that  this  small  interval  of  wavelength 
mains  multiplets  of  ions  produced  Over  a  wide  temperature 
nge  extending  from  2  x  10*  to  2  x  I0''K,  corresponding 


Igure  2-fi.  The  solar  UV  sp-;clrum  helwcen  MX)  and  .100  A  obtained 
fmm  a  rtKkei  flight  on  4  April  l%9.  The  folding  of  the  data 
for  the  Fe  XV  line  at  284  A  is  intnxiuced  by  the  pulse  counting 
circuitry  (Malinovsky  and  Heroux.  1973). 


to  the  temperature  region  of  formation  of  He  II  and  Fe  XVI, 
respectively.  Tire  reversal  of  the  intense  emission  line  of  Fe 
XV  at  284  A  is  again  instrumental,  caused  by  overflow  of 
the  photon  counter. 

2.3  ABSORPTION  OF  SOLAR  UV 

2.3.1  Absorption  Below  3200  A 

Sola;  radiation  at  wavelengths  shorter  than  about  3200 
A  is  totally  absorbed  in  the  earth's  upper  atmosphere.  Al¬ 
though  this  ultraviolet  region  accounts  for  less  than  2%  of 
the  total  solar  irradiance,  it  is  the  principal  source  of  energy 
in  the  upper  atmosphere  and  controls  the  neutral  and  ion 
composition,  temperature,  and  photochemistry  in  the  strit- 
osphere,  mesosphere,  and  thermosphere.  The  absorption  of 
solar  UV  in  the  earth's  atmosphere  for  an  overhead  sun  is 
illustrated  in  Figure  2-7,  which  gives  the  altitude  at  which 
die  rate  of  absorption  at  a  particular  wavelength  is  a  inaxr 
imum.  At  these  altitudes,  solar  radiation  is  reduced  by  a 
factor  of  e‘'  =  0.37  of  its  value  above  the  earth's  atmos¬ 
phere.  The  primary  atmospheric  constituents  that  absorb  the 
radiation  in  the  different  wavelength  regions  are  also  given 
in  the  figure. 

2.3.2  UV  Atmospheric/Ionospheric  Pt-ocesses 

The  absorption  of  solar  UV  radiation  at  wavelengths 
shorter  than  1027  A  ionizes  the  primary  atmospheric  con¬ 
stituents  O:.  Nj.  and  O.  This  radiation  is  absorbed  at  alti¬ 
tudes  above  about  100  km.  The  rate  at  which  the  ions  O.  * , 
and  are  prtxluced  as  a  function  of  altitude  is  shown 
in  figure  2-8.  These  rates  were  calculated  by  using  rocket 
measurements  of  solar  UV  intensit'e'.  for  23  August  1972. 
The  corresponding  total  productior.  r^t<?s  of  the  three  species 
of  ions  produced  by  radiation  with  n  several  wavelength 
intervals  of  the  solar  UV  spectrum  are  given  in  Figure  2-9. 
A  detailed  account  of  the  ca'cu'  t  o>is  used  to  obtain  these 
figures  is  given  by  Heroux  et  a.  i  i974). 

2.4  SOLAR  UV  IRRAPIA  NC£  VARIABILITY 
2.4.1  Sunspot  Number  and  !0.7cir-  Solar  Radio  Flux 

The  sunspot  number  and  the  10.  7  cm  (2800  MHz)  soiar 
radio  flux  are  us.;d  extensively  as  indices  of  solar  activity. 
Eddy  1 19771  gives  a  review  of  sunspot  observations  that 
have  been  made  for  several  h-'ndred  years.  Th.  se  records 
clearly  indicate  that  the  sunispots  are  indicators  of  solar 
activity,  i.  n  additional  diagram  of  the  latitudinal  distribution 
of  sunspots  during  the  period  1874-1976  is  given  by  Yallop 
and  Hohenkerk  1 1980].  The  sunspot  numbers  for  the  present 
soiar  cych  21  are  plotted  in  Figure  2-10.  The  values  are 
the  monthly  mean  sunspot  numbers  obtained  from  lue  Solar- 
Geophysical  Data  Reports  published  monthly  by  the  Na- 
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Figure  2-7.  The  altitude  at  which  the  rate  of  absorption  of  solar  UV  radiation  is  at  maximum.  The  principal  atmospheric  constituents  that  absorb  the 
radiation  in  the  different  wavelength  hands  arc  indicated. 


tional  Oceanic  and  Atmospheric  Administration  (NOAA). 
These  reports  also  give  the  daily  values  of  the  sunspot  num¬ 
bers.  The  smoothed  mean  values  of  the  sunspot  numbers 
for  cycles  8-20  are  also  included  in  the  figure.  Each  cycle’s 
beginning  minimum  has  been  shifted  to  coincide  with  the 


ION  PRODUCTION  RATE  (cm-3sec-') 

Figure  2-8.  Production  rates  of  O' .  O; ' .  and  Ni'  and  their  totals  as  a 
function  of  altitude.  The  rates  were  calculated  by  using  rocket 
measurements  of  solar  intensities  between  1027  and  52  A  of 
23  August  1972  IHeroux  ei  al..  1974). 


minimum  of  cycle  21.  For  comparison,  the  monthly  mean 
values  of  the  10.7  cm  radio  flux  for  cycle  21  obtained  from 
the  NOAA  reports  are  also  given  in  Figure  2-10.  Both  in¬ 
dices  show  a  similar  increase  with  increasing  activity  for 
cycle  21,  which  began  in  July  1976.  Tne  daily  variations 


Figure  2-9.  Total  pnrduction  rates  of  O'.  O,'.  and  N,'  produced  by 
several  wavelength  regions  of  the  solar  UV  spectrum.  The 
rates  were  calculated  by  using  the  solar  intensities  of  2.^ 
August  i972  [Heroux  et  al..  197,1). 
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Figure  2-10  Monthly  mean  sunspot  numbers  and  10.7  cm  radio  flux  for  solar  cycle  21.  which  began  in  July  1976.  The  smoothed  mean  values  of  the 
sunspot  numbers  for  cycles  8-20  were  obtained  by  shifting  each  cycle's  minimum  value  to  coincide  with  the  minimum  of  cycle  21. 


in  both  the  sunspot  number  and  the  10.7  cm  flux  can  be 
signiflcant.  For  November  1979,  the  mean  value  of  the 
sunspot  number  is  185,  while'  the  daily  values  during  the 
month  varied  from  a  minimum  value  of  98  to  a  n^aximum' 
value  of  302.  For  the  same  month,  the  mean  value  of  the 
10.7  cm  flux  was  232,  while  the  minimum  and  maximum 
values  were  154  and  374.  respectively. 

Although  the  10.7  cm  flux  is  a  reliable  indicator  of  the 
general  level  of  solar  .activity,  the  correlation  between  the 
solar  UV  flux  in  narrow  wavelength  regions  and  the  daily 
10.7  cm  flux  is  highly  unreliable.  Solar  UV  emissions  orig¬ 
inate  from  a  wide  range  of  temperatures,  densities,  and 
heights  in  the  solar  atmosphere  extending  from  the  lower 
chromosphere,  the  chromosphere-corona  transition  region, 
and  the  corona.  The  10.7  cm  flux,  however,  originates  pre¬ 
dominantly  from  the  upjyer  chromosphere  and  lower  corona. 


Therefore,  it  is  not  surprising  that  the  UV  flux  emitted  from 
a  wide  range  of  regions  in  the  solar  atmosphere  does  not 
correlate  well  with  the  daily  10.7  cm  flux  emitted  from  a 
limited  region  in  the  solar  atmosphere. 

2.4.2  Solar  Cycle  and  UV  Variability  Below  2000  A 

The  variation  of  the  spectral  irradiance  from  the  mini¬ 
mum  through  the  maximum  level  of  activity  of  a  solar  cycle 
can  be  signiflcant  for  wavelengths  shorter  than  about  1 800 
A.  This  variation  is  illustrated  in  Figure  2-11,  where  the 
ratic  of  the  irradiance  near  solar  maximum  during  January 
1979  to  the  irradiance  near  solar  minimum  during  July  1976 
for  solar  cycle  2 1  is  plotted  for  25  A  intervals  of  wavelength . 
The  data  were  obtained  by  Hintefegger  [1981]  from  the 
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AFGL  spectrometer  on  the  NASA  Atmosphere  Explorer 
(AE-E)  satellite.  Figure  2-li  shows  that  the  variation  de¬ 
creases  with  increasing  wavelength  toward  1800  A.  At 
wavelengths  longer  ihan  about  2300  A  the  ratio  approaches 
unity,  and  therefore  solar  activity  has  a  negligible  effect  on 
the  spectral  irradiance  at  these  longer  wavelengths.  The 
large  ration  that  ait  apparent  at  wavelengths  below  SOO  A 
originate  from  highly  ionized  atomic  species  produced  in 
the  solar  corona.  Individual  lines  that  fall  within  the  25  A 
intervals  can  vary  by  a  significantly  higher  ratio  than  that 
plotted  in  Figure  2-1 1  since  the  plotted  ratio  represents  the 
irradiance  averaged  over  several  lines  that  fall  within  the 
wavelength  interval.  For  example,  the  ratio  of  the  corohal 
emission  line  of  Fe  XVI  at  335.41  A  increases  by  a  factor 


greater  than  100  from  solar  minimum  to  maximum,  although 
the  ratio  of  the  averaged  irradiance  in  the  interval  325-350 
A  is  a  factor  of  12. 

Figure  2-12  illustrates  the  relative  variation  of  the  solar 
spectral  irradiance  for  several  50  A  intervals  in  the  1400- 
1750  k  range,  along  with  the  hydrogen  Lyman-a  line,  at 
1216  A.  The  variations  for  the  Fe  XV  284  A  line  emission 
and  for  two  intervals  of  the  170-205  A  range  are  shown  in 
Figure  2-13.  These  data  were  obtained  on  the  AE-E  satellite 
by  Hinteregger  (1980].  Each  point  represents  the  average 
of  all  measurements  f  the  month.  For  comparison,  the 
monthly  averages  of  the  sunspot  number  and  the  10.7 
cm  radio  emission  are  included  in  the  figures.  These  data 
illustrate  that  the  variation  of  the  itradiance  with  solar  ac- 


Rgurc  2-11.  Ttie  ratio  of  the  solar  spectral  irradiance  near  solar  maximuim  during  Januar>'  1979  to  the  irradiance  near  solar  minimum  during  July  1976 
for  solar  cycle  21.  The  ratios  are  plotted  for  25  A  intervals  of  wavelength  (Hinteregger,  1981]. 
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Figure  2-12.  Irradiuncc  varii^tion^  al  wavclonglhN  from  1216  io  175(1  A 
fnim  Al:-K  salclltic  ItK'a^ure^lcnt^  during  <ailar  cycle  21 
IHinicrcggcr.  IWdl. 


tivity  between  1977  and  1980  depends  upon  the  region  of 
production  of  the  radiation  in  the  solar  atmosphere.  The 
variation  of  the  H  Lyman-a  line  that  is  pftxluced  in  the 
lower  chromosphere  is  a  factor  of  approximately  2.3.  while 
the  variation  of  the  Fe  XV  line  produced  in  the  corona  is 
approximately  8.0  The  variation  of  the  photospheric  radia¬ 
tion  in  the  wavelength  interval  1700-1750  A  is  only  1.16. 
This  variation  approaches  1 .0  for  wavelengths  greater  than 
about  2200  A. 

In  addition  to  the  variability  of  the  solar  UV  irradiance 
over  an  1 1 -year  ''ycle,  there  is  also  a  27-day  variation  of 
solar  UV  associated  with  the  period  of  solar  rotation.  The 
magnitude  of  the  variation  at  different  wavelengths  depends 
upon  the  region  of  the  solar  atmosphere  emitting  the  radia¬ 
tion.  The  variations  of  the  emission  lines  from  highly  ionized 
species  produced  in  the  conrna  are  significantly  greater  than 
the  variations  of  lines  produced  in  the  lower  chromosphere. 
This  is  illustrated  b  Figure  2-14  where  measurements  are 
plotted  of  the  27-day  variation  of  several  solar  emission 
lines  for  May  and  June  1%7  from  an  experiment  on  the 
OSO  3  satellite  |Hall  and  Hintereggcr  1 19701.  The  variation 
of  the  conrnal  Fe  XVI  lines  at  335  A  can  be  seen  to  be 
significantly  greater  than  the  variations  of  the  other  chro¬ 
mospheric  lines  shown  in  the  figure.  The  27-day  variation 
of  the  unresolved  He  II  and  Si  XI  lines  near  304  A  has  also 
been  measured  over  a  period  of  almost  two  years  (1%7  to 
1969)  from  an  instrument  flown  on  the  OSO  4  satellite  by 
Timothy  and  Timothy  11970). 


10  20  30  5  15 

MAY  JUNE 

DATE  NO.  612 


Figure  2-KV  iirudiiince  variaiitfns  of  stinic  M»lar  coronal  cnHNsitms  I'rom 
AF'-F.  sa(c!liCc  mca>urcmcnt>  during  Nolar  cycle  21  (Himcr- 
egger.  mu\. 


Figure  2*14.  The  27-day  varialions  in  several  I’V  emission  lines  ohsersed 
from  ihe  OSO  ^  salellite  in  May  and  iunc  1967.  The  10.7 
cm  radio  flux  lor  ihesaine  period  is  also  given  for  comparison 
,Hall  and  Hinieregger.  1970). 
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Chapter  3 


SOLAR  WIND 


J.  Feynman 


The  solar  wind  or  interplanetary  medium  is  a  fully  ion¬ 
ized,  electrically  neutral  plasma  that  carries  a  magnetic  field 
and  streams  outward  from, the  inner  solar  corona  at  all  times. 
The  wind  is  highly  variable  m  both  time  and  space  and  fills 
the  interstellar  region  in  the  vicinity  of  the  sun.  This  chapter 
describes  the  observed  properties  of  the  solar  wind  in  the 
vicinity  of  the  earth,  including  the  undi.sturbed  wind  and 
the  magnetosheath  and  bow  shock  formed  as  the  solar  wind 
flows  around  the  earth's  magnetic  held. 


3.1  BASIC  THEORY 


3.1.1  Simple  Spherically  Symmetric 
Treatment 

The  solar  wind  is  the  outer  part  of  the  sun’s  corona, 
streaming  past  the  earth.  Chapman  |I957|  made  an  early 
estimate  of  the  particle  density  expected  in  space  at  the  orbit 
of  the  earth.  He  considered  the  expansion  of  a  corona  with 
a  temperature  at  the  base  on  the  order  of  10^  K.  He  calculated 
the  coronal  density  prohle  assuming  that  the  corona  was  in 
hydrostatic  equilibrium  and  found  that  the  electron  density 
at  the  earth's  orbit  would  be  10^  or  10’  particles/cm’.  He 
also  found  that  the  pressure  at  large  heliocentric  distances 
would  be  of  the  order  of  10  '  dyn/cm’.  whereas  estimates 
of  the  interstellar  pressure  were  in  the  range  of  10  or  I&  '  ’ 
dyn/cm*.  Thus,  the  hydrostatic  corona  could  not  be  matched 
with  its  boundary  conditions  in  the  distant  heliosphere.  This 
treatment,  although  de.scribihg  the  sun  in  a  vey  simplified 
manner,  led  Parker  to  postulate  that  the  corona  was  not  in 
hydrostatic  equilibrium  and  that,  in  fact,  the  coronal  plasma 
was  flowing  out  from  the  sun  continuously.  Parker  1 196.^1 
treated  the  problem  as  that  of  a  steady  state  spherically 
symmetric  fluid  expansion.  The  equations  that  govern  the 
behavior  of  such  a  system  are  the  equations  of  mass,  mo¬ 
mentum,  and  energy  conservation.  The  mass  conservation 
is  expressed  by 

3  ^  (r'  pu)  =  0,  (3.1) 

r  dr 


where  r  is  the  radial  distance,  p  the  mass  density,  and  u  the 
radial  velocity.  The  momentum  equation  fora  fluid  is  written 
as 


du  -dP  GM.. 


(3.2) 


where  P  |s  the  scalar  pressure,  G  the  gravitational  constant, 
and  M„  the  ma.ss  of  the  sun.  Energy  conservation  is  given 
by 


where  S(r)  is  an  energy  source  or  sink  term.  The  corona  is 
assumed  to  be  a  neutral  electron  proton  gas  so  that 

p  =  n(mp  +  m,)  =  nnt  (3-4) 

where  mp  and  m  are  the  proton  mass  and  nv  the  mass  of 
the  clectitm.  For  equal  electron  and  proton  temperature  the 
pressure  is  given  by 


P  ,=  2nkT.  (3.5) 

Parker  further  simplified  the  problem  by  assuming  that  the 
pressure  and  temperature  were  related  by  the  polytropic  law 


where  a  is  the  polytropic  index.  An  isothermal  gas  corre¬ 
sponds  to  a  =  I  and  an  adiabatic  process  to  a  =  5/3.  The 
assumption  of  the  polytropic  law  effecti''ely  assumes  a  so¬ 
lution  to  the  energy  conservation  equation  with  an  implied 
source  term.  Parker  examined  the  solutions  of  the  equations 
for  a  range  of  selections  for  o.  See  Parker  [1963)  or  Hund- 
hausen  1 1972|  for  further  discussion  and  details. 
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The  simplest  case,  but  one  that  illustrates  important  points 
concerning  the  behavior  of  the  solutions,  is  that  of  the  iso¬ 
thermal  corona.  Near  the  sun  the  isothermal  assumption  is 
probably  valid.  Using  the  expressions  for  the  density  and 
the  polytrope  law  with  a  ^  I ,  the  momentum  conservation 
equation  becomes 


du  _  dn  nihGH, 


Equation  (3,1)  for  mass  conservation  is  integrated  to  give 

4smur^  »  constant,  (3.8) 

that  is,  the  flux  through  a  sun  centered  sphere  is  a  constant. 
Equation  (3.8)  can  be  used  to  eliminate  the  number  density 
from  Equation  (3.7) 


u  dr  I  m  / 


4kT  GMo 


Assume  that  the  temperature  of  the  corona  is  such  that 

CM  m 

—  aZ' 
r„  4k 

where  to  is  the  base  of  the  corona.  The  right  hand  side  of 
Equation  (3.9)  is  negative  in  the  range  of  r„  <  r  <  r,  where 

_  OMjn 


and  Tc  is  called  the  “critical  radius.”  For  r  >  r,,  the  right 
hand  side  of  Equation  (3.9)  will  be  positive.  For  r  =  rc, 
the  right  hand  side  must  be  zero.  In  that  case,  to  make  the 
left  hand  side  zero  either 


u^(rj  = 


(3.11a) 


(3.11b) 


These  two  conditions  expressed  in  Equation  (3.11a  and 
b)  define  four  classes  of  solutions  to  the  set  of  simultaneous 
equations  governing  the  model  corona.  If  Equation  (3.1  la) 
is  satisfied  then  du/dr  has  the  same  sign  for  all  r,  tha*  is,  u 
either  increases  or  decreases  monotonically  with  distance 
from  the  sun.  If  Equation  (3.11b)  is  satisifed,  then  u  is 


Figure  3-1.  Topology  of  M>lutions  to  the  solw  wind  equations  for  the 
spherically  symmetric  isothermal  case.  The  only  solution  tliat 
can  satisfy  the  boundary  conditions  of  low  velocity  at  the  sun 
and  low  pressure  at  large  distances  is  the  class  2  sotulion 
IHundhausen.  1972). 


cither  maximum  or  minimum  near  fj.  These  four  cla.sses  of 
solutions  for  the  velocity  arc  shown  in  Figure  3-1.  The 
physical  solutions  for  the  solar  wind  are  members  of  the 
class  of  solutions  that  satisfy  the  physically  relevant  bound¬ 
ary  conditions.  Class  1  solution  velocities  approach  zero 
near  the  sun  and  at  . great  distances.  Class  2  is  the  unique 
solution  that  has  a  low  velocity  near  the  sun,  passes  through 
the  critical  point,  and  has  high  velocity  at  great  distances. 
Both  class  3  and  4  solutions  have  high  velocity  near  the 
sun.  Class  3  is  the  unique  solution  passing  through  the 
critical  point  and  having  low  velocity  at  great  distances, 
whereas  class  4  solutions  have  high  distant  velocities.  Since, 
for  the  physical  solutions,  the  velocity  near  the  sun  is  small, 
class  3  and  4  solutions  are  immediately  eliminated.  Class 

1  solutions  would  give  finite  pressures  at  large  distances ' 
and  would  result  in  the  same  problem  of  matching  to  the 
interstellar  medium  as  did  the  hydrostatic  corona.  For  class 
2.  howcver.it  can  be  shown  that  the  expansion  speed  con¬ 
tinues  to  increase  slowly  as  r  — *  »,  so  that  the  density  and 
hence  the  pressure  approach  zero  at  infinity.  Thus  the  class 

2  solution  satisfies  the  boundary  conditions  and  represents 
the  physically  existing  solar  wind.  Since  according  to  Equa¬ 
tion  (3.11a)  the  velocity  at  r^  is  equal  to  the  velocity  of 
sound,  this  solution  is  supersonic  for  r  >  r^. 

Although  the  dicussion  above  is  highly  simplified  |fol- 
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lowing  Hundhausen,  I972|  tHc  essential  characteristics  are 
maintained  in  all  more  sophisticated  treatments.  That  is.  a 
family  of  solutions  in  every  treatment  c.sists  but  the  im¬ 
position  of  the  boundary  conditions  sei>.  >  a  finite  number 
of  solutions  that  have  low  velocities  at  the  sun,  pass  through 
critical  points  where  the  flow  becomes  supersonic,  and  result 
in  a  high  finite  velocity  and  zero  pressure  at  infinity. 

The  configuration  of  the  solar  wind  magnetic  field  was 
also  treated  by  Parker  1 1%3|.  Since  the  conductivity  of'  the 
solar  wind  is  extremely  high,  there  is  es.sentially  no  diffusion 
of  the  plasma  transverse  to  the  magnetic  Arid  and  the  field 
is  said  to  be  “frozen  in"  to  the  flow.  The  plasma  carries  the 
field  with  it  into  space.  If  the  sun  were  not  rotating,  the 
field  would  extend  straight  outward  in  all  directions  but  the 
rotation  causes  the' field  to  appear  wound  up  as  shown  in 
Figure  3-2.  In  a  spherical  system  of  coordinates  (r.  4>.  6) 


Figure  .V2.  The  cunfiguraliofi  of  the  interplancuo'  magnetic  field  in  the 
equatorial  plane  for  a  steady  solar  wind  The  field  winds  up 
because  of  the  rotation  of  tiK  sun.  Fields  in  low  speed  wind 
will  be  more  wound  up  than  those  in  high  speed  wind  {Parhet. 
I%.t|.  (Reprinted  with  permissUm  from  j.  Wiley  and  Sswis 
C  l%.t.) 

rotating  with  the  sun.  the  velocity  of  a  fluid  element  carrying 
the  field  is  given  by 

U,  =  u 

U*  =  -wrsinO  (3.12) 

U«  =  0 

where  u  is  the  speed  of  the  wind  and  to  is  the  angular  velocity 
of  solar  rotation  (to  =  2.7  x  10  *’  rad/s). 


The  velocity  of  the  wind  changes  only  slowly  with  radius 
beyond  a  few  times  the  critical  radius  and  will  be  approx¬ 
imated  by  a  constant.  The  path  followed  by  the  fluid  element 
is  determined  by 


I  dr  Ur  u 

~  «...  s  — —  XS  I 

r  d(i>  U«  -ursintb 


(3.13) 


For  constant  u  beyond  r„  this  is  integrated  to  give 


(3.14) 


Then  for  a  spherically  symmetric  geometry  V  ■  B  =  0 
gives 


B,  (r.  tj>.  0)  = 
B*  (r.  tj>.  0)  = 


B  (r„.  0)  I  - 

I  r  I 


wr  ^ 

-B(r„.  <!>.,.  0)-^  sin  0  (3.15) 
ur 


B,  =  0. 


The  configuration  near  the  solar  equatorial  plane  is  shown 
in  Figure  3-2. 

Transforming  to  a  stationary  coordinate  system  leaves 
the  magnetic  field  configuration  unchanged  but  in  the  sta¬ 
tionary  system  there  is  an  electric  field 

E  =  -u  X  B  (3.16) 


so  that  the  direction  of  the  plasma  flow  is  radial  rather  than 
along  the  field  lines. 


3.1.2  Further  Considerations 

This  simple  spherically  symmetric  solar  wind  theory  was 
remarkably  successful  in  predicting  the  existence  of  the  wind 
and  estimating  the  velocity  and  density.  However,  it  soon 
became  apparent  that  the  predicted  velwity  was  lower  than 
that  observed  and  the  predicted  density  was  tixi  large.  Re¬ 
finements  of  solar  wind  theory  have  taken  many  approaches, 
none  of  them  as  yet  completely  successful.  The  earliest 
attempt  at  improvement  was  to  consider  the  electrons  and 
protons  as  two  fluids  each  expanding  separately  from  the 
sun.  The  panicles  within  each  fluid  were  interacting  with 
each  other  through  large  scale  electric  fields.  This  two-fluid 
model  produced  results  that  were  again  too  slow  and  too 
dense,  and  the  predicted  total  energy  flux  at  I  AU  was  iwice 
that  observed.  Later,  observations  showed  that  the  solar 
wind  came  from  restricted  areas  of  the  sun  so  that  the  ex¬ 
pansion  of  the  wind  was  faster  than  the  r^  appropriate  to  the 
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spherical  case  discussed  by  Parker  |l%3].  Studies  of  the 
effect  oi  this  geometricai  difference,  however,  showed  that 
although  the  acceleration  of  the  solar  wind  at  small  distances 
from  the  sun  was  increased  markedly,  the  speed  at  I  AU 
was  not  raised  appreciably.  A  possible  cause  for  the  speed 
of  the  wiri  being  higher  than  expected  from  simple  theory 
is  the  e'tect  of  magnetohydrodynamic  waves  on  the  wind 
in  the  suicrsonic  region.  Theory  indicates  these  waves  will 
exert  a  force  on  the  solar  wind  tetiding  to  accelerate  it.  At 
I  AU.  outward  propagating  Alfv^n  waves  (Section  3.2.5) 
are  the  predominant  mtxle  observed.  Fast  mode  MHD  waves 
(Section  3.2.5)  propagating  outward  near  the  sun  would  also 
accelerate  the  wind.  Since  this  latter  mixle  is  strongly  damped, 
it  is  quite  reasonable  that  if  there  was  a  wave  flux  near  the 
sun  it  would  he  lost  before  the  wind  propagated  to  I  AU. 
This  consideration  is  important  because  fast  mode  MHD 
waves  are  rarely  seen  at  I  AU.  For  both  these  wave  accel¬ 
eration  mechanisms,  an  important  problem  is  that  the  ex¬ 
istence  of  the  required  waves  in  the  required  region  has  not 
been  demonstrated.  An  alternative  idea  for  wind  accelera¬ 
tion  is  that  the  electron  thermal  conductivity  has  been  over¬ 
estimated  by  using  the  classical  values,  and  at  the  same 
time,  the  thermal  coupling  between  the  electrons  and  protons 
has  been  underestimated.  As  with  several  other  proposals 
listed  here,  this  seems  to  be  an  attractive  possibility  but  the 
observations  and  analysis  have  not  been  carried  far  enough 
to  make  a  definitive  test. 


3.2  PARTICLE  AND  FIELD 
OBSERVATIONS 


3.2.1  Coordinates 

There  are  two  coordinate  systems  commonly  used  to 
describe  tibservations  of  the  interplanetary  medium  (Russell, 
19711:  geocentric  solar  ecliptic  (GSE)  and  the  geocentric 
sc»lar  magnetospheric  (GSM).  In  the  GSE  system,  X  points 
from  the  earth  towards  the  sun.  Y  is  in  the  ecliptic  plane 
and  negative  in  the  direction  of  planetary  motion,  and  Z  is 
parallel  to  the  ecliptic  pole.  In  GSM.  X  is  along  the  earth 
sun  line  and  positive  in  the  direction  of  the  sun,  Z  is  positive 
toward  the  m>rth  and  is  perpendicular  to  X  and  in  the  plane 
which  contains  X  and  the  earth's  magnetic  dipole  axis,  and 
Y  completes  the  right  handed  system  of  coordinates. 

GSM  coordinates  are  usually  used  to  describe  interac¬ 
tions  between  the  solar  wind  and  the  earth’s  magnetic  field 
whereas  GSE  coordinates  arc  used  to  describe  the  undis¬ 
turbed  solar  wind.  A  second  system  sometimes  used  for  the 
undisturbed  solar  wind  is  the  geocentric  solar  equatorial 
system  in  which  the  X  axis  remains  in  the  ecliptic  plane 
pointing  from  the  earth  to  the  sun.  but  Y  is  parallel  to  the 
sun's  equatorial  plane  and  Z  completes  the  system.  The 
sun's  pole  of  rotation  is  tipped  at  7°  to  the  plane  of  the 


ecliptic.  The  transformations  among  the  systems  are  given 
in  Russell  (1971|. 

3.2.2  Magnetic  Fields 

Observatioris  of  the  magnetic  field  in  the  vicinity  of  the 
earth  show  that  the  field  is.  on  the  average,  in  the  spiral 
direction  predicted  by  the  steady  state  model  but  that  there 
are  often  large  variations.  The  variations  are  ascribed  to 
several  sources:  waves,  discontinuities,  and  certain  large 
scale  disturbances.  These  topics  will  be  described  in  Section 
3.3.  Here  the  basic  large  scale  structure  and  average  prop¬ 
erties  will  be  described. 

The  magnetic  field  in  the  solar  wind  is,  as  expected, 
drawn  out  in  a  spiral  such  that  the  angle  the  field  makes 
with  the  earth-sun  line  is  a  function  of  the  velocity,  low 
solar  wind  speeds  resulting  in  a  tight  spiral  and  faster  speeds 
in  a  more  radially  aligned  field.  The  angle  increases  with 
distance  from  the  sun.  For  the  observed  velocities  of  the 
solar  wind,  the  magnetic  field  has  a  spiral  angle  pf  about 
45°  at  the  earth.  The  magnitude  of  the  field  is  on  the  order 
of  a  few  nanotesla  (earlier  literature  used  the  term  gamma, 
ty  =  I  nanotesla).  An  example  of  observed  magnetic  field 
distributions  is  given  in  Figure  3-3a,  b.  and  c  (Hirshberg, 
19691.  The  direction  of  the  radial  component  (often  referred 
to  as  tbe  x  component)  is,  of  couriic,  either  towards  or  away 
from  the  sun.  Wilcox  and  Ness  (1965)  found  that  the  field 
typically  maintains  one  of  these  orientations  for  many  days 
and  then  rapidly  changes  to  the  other.  The  region  of  space 
in  which  an  orientation  is  maintained  is  called  a  “sector”. 
The  sector  orientation  is  usually  determined  on  the  basis  of 
one-lH>ur  or  three-hour  averages  of  the  radial  field  compo¬ 
nent.  but  the  maintenance  of  the  sign  of  B.  is  typically  seen 
on  a  smaller  time  scale.  Transitions  from  one  sector  to 
another  take  place  over  a  period  of  minutes  or  hours.  At 
transitions  the  direction  of  the  interplanetary  field  usually 
changes  sign  rapidly  while  maintaining  more  or  less  the 
same  magnitude.  Sometimes  the  sector  boundary  on  the 
scale  of  minutes  or  tens  of  minutes  displays  only  a  single 
change  of  sign.  Sometin’es  the  sign  changes  back  and  forth 
many  times  and  over  many  hours  before  the  field  settles 
down  to  the  new  orientation.  When  this  happens  the  position 
of  the  boundary  may  be  hard  to  define.  An  example  of  the 
(^served  structure  is  shown  in  Figure  3-4.  Typically,  two 
or  four  sectors  tKcur  during  a  solar  rotation.  The  sector 
structure  can  also  be  inferred  from  high  latitude  surface 
magnetic  variations  ISvalgaard.  1973|.  The  accuracy  of  the 
procedure  varies  with  season  and  station  latitude.  The  sector 
structure  is  stable  over  many  months  during  the  declining 
phase  of  the  solar  cycle,  but  changes  from  month  to  month 
during  the  increasing  phase.  The  sector  structures  and/or 
the.  high  speed  streams  (Section  3.3.2)  apparently  order  a 
large  amount  of  solar  wind  phenomenology.  Studies  of  the 
typical  behavior  of  the  interplanetary  medium  within  sectors 
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Figure  3-.1.  Ob'ervatiiHiK  of  the  inlciplanctary  magnetic  Held.  In  lhi»  typ¬ 
ical  sample  (a)  the  most  common  Held  magnitude  is  about  5 
nT  ( I  7  =  I  nT)  but  the  average  of  the  magnitudes  is  higher 
br.ausc  the  distribution  is  skewed,  (b)  and  (c)  show  the  tel- 
'ilive  fretfuencies  of  the  directions  of  the  Held.  It  tends  to  lie 
along  the  spiral  direction  appropriate  to  a  velocity  of  about 
430  km/s  li.e..  about  45°)  and  in  the  solar  equatorial  plane 
but  there  arc  signiheani  deviations  {adapted  front  Hirshberg. 
I96V|. 


are  relatively  simple  to  carry  out  using  sector  boundaries  as 
convenient  time  markers.  The  results  of  some  of  these  stud¬ 
ies  are  described  in  Section  3.3  on  large  scale  disturbances. 

Observations  from  spacecraft  that  traveled  to  solar  lat¬ 
itudes  of  over  10°  from  the  solar  equatorial  plane  showed 
that  the  sector  structure  was  dejyendent  on  latitude.  The 
structure  tends  to  disappear  at  higher  latitudes,  and  the  in¬ 
terplanetary  magnetic  held  then  has  the  sign  of  the  solar 
magnetic  field  of  the  appropriate  solar  pole.  The  picture  that 
has  developed  to  explain  these  observations  is  shown  in 
Figure  3-5.  Plasma  leaves  the  sun  predominantly  at  high 
latitudes  and  flows  out  and  towards  the  equator  where  a 
cunent  sheet  is  formed  corresponding  to  the  change' in  mag¬ 
netic  field  polarity.  The  current  sheet  is  tipped  relative  to 
the  sun’s  plane  of  rotation  and  warped  so  that  as  the  sun 
rotates  the  earth  passes  through  the  current  sheet,  experi¬ 
encing  periods  of  alternating  polarities,  that  is.  sectors. 


in  the  vicinity  of  the  earth  a  typical  magnetic  field  in¬ 
tensity  |B|  is  aNiut  6  nT.  but  hourly  average  values  vary 
from  about  I  nT  to  a  high  of  37  nT.  The  highest  recorded 
single  value  was  170  nT  observed  on  4  August  1972  |Bur- 
laga  and  King.  I979|.  Figure  3-6  shows  the  distribution  of 
over  70  00|)  hourly  values  collected  from  satellites  at  1  AU 
between  l%3  and  1977.  The  distribution  of  the  magnitude 
|B|  is  skewed  towards  high  values.  However,  the  distribution 
of  the  log  [bI  is  distributed  normally  with  a  mean  of  0.75 

(|B|  =  5.6  nT)  and  an  rms  deviation  of  0. 18.  For  about  3% 
of  these  hours  log  |B|  exceeded  the  mean  by  at  least  20. 
that  is  |B|  s  13  nT.  When  the  field  is  high  it  typically 
remains  s»)  for  many  hours,  forming  distinct  events.  There 
were  atK)ut  l(X)  such  events  observed  between  1963  and 
1974  of  which  75'Jf  were  associated  with  shocks  or  inter¬ 
faces  between  interacting  solar  wind  streams  iScetion  3.3.2). 
Periods  of  high-intensity  field  may  persist  for  as  long  as  24 
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Figure  ^  4  Two  i>f  seclcr  Mniclure  piilarity  A  small  dot  indicates 
a  day  with  piilarity  directed  away  Inim  the  sun;  a  big  dot. 
towards  the  sun;  a  cross,  an  ambiguous  day;  and  a  blank,  a 
data  gap  hach  line  represents  one  solar  rotation  or  37  days, 
file  date  of  the  linsi  day  of  the  rotation  is  gisen  on  the  left- 
hand  scale  and  the  number  of  the  rotation  on  the  right  hand 
scale  Note  the  strong  tendency  for  sector  structure  to  repeat 
on  suhsertuent  rotations  {adapted  Ironi  ^^i1cox  et  af.  IdT.S]. 


Figure  .1-5.  Sketch  of  the  cuirent  sheet  responsible  for  the  sector  structure. 

The  sheet  is  warped  and  tilted  relative  to  the  plane  of  solar 
rulaliixi  (Smith.  I97V|. 


hours.  The  persistence  of  a  given  level  of  |B|  can  be  found 
from  the  autocorrelation  function  which  falls  to  0.5  at  about 
a  15-hour  lag  |Burlaga  and  King.  1979]. 

An  important  magnetic  field  parameter  is  the  component 
of  the  field  perpendicular  to  the  X-Y  plane.  This  component, 
B,.  plays  a  central  n>le  in  the  coupling  of  the  wind  and  the 
earth's  magnetic  field  such  that  when  B,  is  southward  and 


Figure  .1-6.  Oistrihuiion  of  71411  hourly  averaged  values  of  the  inlcrplan- 
elary  magnetic  held  magnitude  181.  and  of  iog  HI  These  data 
were  collected  hctwee.n  1461  and  1^77  The  average  value  of 
B  is  6  IN  nT  but  the  a'  erage  of  log  B  corresponds  to  a  value 
of  5  6nT  The  mostconmon  valueof  B  is  about  5  nT  (Burlaga 
and  Kipg.  IWl. 
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large,  geomagnetic  disturbances  occur.  Figure  3-7a  shows 
distributions  of  GSE  B,  observed  for  each  year  from  1963 
to  1974  jSiscoe  et  al..  1978).  The  figure  gives  the  number 
of  times  |B,|  fell  within  each  I  nT  bin.  The  number  of  values 
used  in  each  histogram  is  also  given.  The  distributions  are 
generally  exponential,  but  with  a  high  intensity  tail.  The 
exponent  changes  in  a  systematic  way  with  the  solar  cycle. 
These  data  are  collected  in  Figure  3-7b  which  gives  the 
probability  that  an  hour  chosen  at  random  from  the  set  of 
over  50  000  hours  of  obser/ation  will  fall  in  a  particular  1 
nT  bin.  Of  course,  a  figure  of  this  type  made  using  different 
years  of  observation  would  differ  somewhat  from  that  shown. 
The  finding  that  the  must  probable  value  of  B,  is  less  than 
I  nT  is  in  general  agreement  with  the  notion  that  a  steady 
spherically  expanding  solar  wind  would  have  no  B,  com¬ 
ponent  when  measured  in  the  sun's  equatorial  plane.  The 
B,  compt^nent  is  primarily  due  to  disturbances  such  as  waves 
or  interacting  parcels  of.  the  interplanetary  medium. 

3.2.3  Protons  and  Electrons 

The  solar  wind  plasma  consists  of  protons,  doubly  charged 
helium  ions,  a  small  number  of  other  positively  cha''ged 
particles,  and  enough  electrons  so  that  the  plasma  is  elec¬ 
trically  neutral.  The  Debye  length  is  about  10  m.  Since 
commonly  959f  of  the  positively  charged  particles  are  pro¬ 
tons.  it  is  the  protons  that  are  usually  referred  to  when 
statements  are  made  about  the  solar  wind  bulk  properties 
such  as  velocity,  density,  and  temperature.  In  this  section 
the  large  scale  general  properties  of  the  wind  will  be  de¬ 
scribed  for  protons  and  electrons.  Alpha  particles  and  heavy 
ions  will  be  dealt  with  in  Section  3.2.4. 


Fiaurr  .^■7.  (a)  The  di'.tributiiin>  of  ihe  iiuanilinle  nl  ihe  hourly  a\eraec  value  of  Ihe  eomponeni  ol  Ihe  inlerplanetary  majinetie  Held  pi-rpendieular  to  the 
eclipfic  plane.  'B/l  Data  for  eaeh  year  from  ivhf  lo  1974  are  ploued.  The  dala  eoveraee  \aried  from  year  to  year.  Note  the  chanaes  in  '.h»pe 
and  the  hiah  inlenoty  tail  (hi  Histoaram  of  the  oeeurrence  freyueney  of  B/  ha'ed  on  the  Sy  929  \aliiev  used  in  the  above  distiibutions  The 
ordinate  itives  Ihe  prohabiliiv  that  au  entry  seleeted  al  random  will  tall  m  Ihe  partieular  I  y  bin  Levels  lor  selected  averaae  recurrence  periods 
arc  marked  For  example,  the  averaae  lime  between  observations  of  l.fy  •  B,  •  I2y  is  about  one  month  ISiseoe  el  al..  I97s| 
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Solar  wind  properties  do  not  vary  randomly  on  a  time 
;ale  of  hours.  Instead  the  Wind  is  organized  mainly  into 
eriods  of  slow  plasma  and  fast  plasma,  with  the  slow  and 
ist  regions  interacting.  The  structure  of  these  streams  will 
e  discussed  in  Section  3.3.2.  Here  the  interest  will  focus 
n  typical  values  of  physical  parameters.  . 

.  Early  plasma  probes  detected  protons  and  other  posi- 
vely  charged  particles  but  did  not  permit  detailed  descrip- 
ons  of  particle  distributions  to  be  made.  However,  the  first 
tree  moments  of  the  distribution  could  be  determined,  that 
;.  the  proton  velocity,  density,  and  (less  exactly)  the  tem- 
erature.  A  typical  distribution  of  speeds  is  shown  in  Figure 
-8.  The  direction  of  flow  is  almost  always  from  the  sun 
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igure  .t-tt.  A  frequency  dislrihulion  of  solar  wind  speed  jHundhausen. 

I972I.  Both  the  average  speed  and  the  shape  of  Ihc  dislri- 
budon  differ  from  year  to  year. 


within  a  few  degrees).  The  major  causes  of  non-radial  flow 
re  aberration  and  interaction  of  fast  and  slow  solar  wind 
tructures.  The  amount  of  deviation  from  radial  flow  due  to 
he  angular  velocity  of  the  source  of  the  solar  wind  at  the 
un  is  still  a  matter  of  debate.  Although  there  is  considerable 
'ariation  in  the  velocity  distributions  for  different  time  pe- 
iods,  they  all  have  nearly  the  same  range  of  values.  In 
■igure  3-8  there  are  tew  measurements  with  vekKities  lower 
han  275  km/s  and  in  data  sets  from  several  other  years  there 
vere  none.  In  the  sample  shown,  values  higher  than  6.50 
;m/s  were  rare  but  in  other  years  the  upper  frequency  bin 
vitb  non-negligible  sample  number  was  775  km/s.  VekK- 
ties  of  over  I0(X)  km/s  occasionally  have  been  reported 
ifter  extremely  energetic  flares  occurred  on  the  sun,  Au- 
ocorrelation  among  speed  measurements  is  high  for  lags  of 
ess  than  40  h,  reflecting  the  stream  structure  (Section  3.3.2). 
fable  3-1  shows  average  values  and  ranges  for  3-hour  av- 
;rage  speeds  for  about  3.5  years  of  data  | Feldman  et  al.. 

1 977 1.  The  average  velocity  given  there  is  468  km/s,  somc- 
vhat  higher  than  that  shown  in  Figure  3-8. 

The  density  of  the  proton  component  is  also  ordered  by 
he  fast  and  slow  vekKity  streams  with  an  average  of  8.7 


particles/cm*.  Most  of,  the  extreme  density  values  are  due 
to  rarefaction  and  compression  arising  through  stream  in¬ 
teractions  or  solar  flare  disturbances  discussed  in  Section 
3.3.3.  The  proton  temperature  Tp,  which  increases  with  the 
velocity,  varies  by  a  factor  of  twenty  and  has  an  average 
of  1.2  X  10' in  this  data  set. 

The  protpn  distribution  function  varies  widely,  and  is 
usually  not  well  represented  by  a  single  Maxwellian.  Figures 
3-9a  and  b  show  examples  of  two-dimensional  proton  ve¬ 
locity  di.stributions.  Figure  3-9a  shows  a  simple  distribution 
with  a  single  peak,  corresponding  to  a  single  velocity  and 
density.  Figure  3-9b  shows  a  distribution  with  a  strong  sec¬ 
ond  peak  corresponding  to  a  plasma  having  two  beams  with 
different  vekK'itics  and  densities.  The  most  usual  distribu¬ 
tion  is  between  these  two  and  would  show  a  single  major 
peak  with  evidence  for  a  high  vekKity  tail.  Note  that  in 
both  main  peaks  the  spread  in  contours  is  greater  in  one 
direction  than  at  right  angles,  that  is,  the  temperatures,  par¬ 
allel  and  perpendicular  to  .>omc  direction  (the  direction  of 
the  magnetic  field)  are  not  equal  and  are  often  given  sep¬ 
arately.  The  temperature  Tp  is  1/3  (T|i  -I-  2Ti )  where  and 
I  denote  components  parallel  and  perpendicular  to  the  mag¬ 
netic  field.  The  average  value  of  Tn/Ti  is  1.5  with  a  range 
of  0.7  to  2.8.  Di.stributions  that  have  two  velocity  peaks 
can  be  described  as  two  streams  of  protons  moving  relative 
to  one  another.  The  higher  density  streams  are  usually  the 
lower  vekKity  ones. 

Solar  wind  electrons  arc  more  difficult  to  observe  and 
their  properties  have  been  described  less  fully  than  those  of 
the  protons.  In  contrast  to  protons,  electrons  are  subsonic 
at  earth.  Observed  distributions  of  electrons  are  shown  in 
Figure  .3-10  | Feldman  et  al..  1975].  Note  that  because  of 
the  subsonic  velocity j  the  spreads  in  particle  speeds  are 
much  larger  than  the  bulk  speed.  Very  low  velocity  elec¬ 
trons.  which  would  allow  an  actual  measurement  of  the  bulk 
speed  to  be  made,  cannot  be  measured  at  all  because  of 
observational  difficulties.  The  tigun*  shows  four  cuts  through 
the  distribution.  Figure  3-l()a  shows  particle  fluxes  in  the 
direction  parallel  and  anti-parallel  to  the  electron  heat  flux. 
Since  the  electron  heat  flux  is  along  the  magnetic  field  di¬ 
rection  these  two  cuts  are  also  in  directions  parallel  and  anti¬ 
parallel  to  the  magnetic  field.  Note  that  fluxes  for  each  speed 
are  not  the  same  in  two  directions,  indicating  that  a  sub¬ 
stantial  heat' flux  is  carried  by  the  electrons.  In  fact,  it  is 
the  electrons  that  regulate  the  heat  flux  in  the  wind  as  a 
whole.  The  curves  in  the  upper  panel  represent  fits  to  the 
points,  the  fits  to  the  lower  speeds  being  Maxwcllians.  Note 
that  although  the  two  Maxwellians  arc  excellen*  fits  at  low 
speeds,  they  fail  decisively  at  high  speeds.  In  much  of  the 
data  rcprirted  in  the  literature,  the  higher  speed  particles  are 
fit  with  a  second  set  of  two  Maxwellians  or  a  somewhat 
more  complex  function  as  shown  here.  In  Figure  3- 10b  the 
data  shown  arc  from  a  plane  perpendicular  to  the  heat  flux. 
Two  data  sets  arc  shown;  i)ne  for  positive  and  one  for  neg¬ 
ative  directions  .along  a  line  in  the  plane.  The  fluxes  arc  the 
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Parameter 

Mean 

or 

5-95%  Range 

Limit 

speed  (km/s) 

468 

116 

320  to  710 

density 

(proton/cm’) 

8.7 

6.6 

3.2  to  20 

Ma 

10.7 

4.8 

4.4  to  20, 

Ms 

7.7 

1.5 

5.6  to  10 

|B|  (iiT) 

6.6 

2.9 

2.2  to  9.9 

Tp(K) 

1.2  X  10* 

9  X  |(y 

1  x  10*  to  3  X  10* 

Tc(K) 

1.4  X  10* 

4  X  10* 

9  X  10*  to  2  X  10* 

T/Tp 

1.9 

1.6 

0.37  to  5.0 

ito/np 

0.047 

0.019 

0.017  to  0.078 

Ta(K) 

5.8  X  10* 

5x10* 

6  X  10*  to  15.5  X  10* 

TyTp 

4.9 

1.8 

2.3  to  7.5 

Pp 

0.7 

'  0.9 

0.1 1  to  1.7 

P. 

1.3 

1.9 

0.3  to  3.1 

Pp  +  Pc 

2.1 

2.4 

0.5  to  4.6 

CA(km/s) 

50 

24  . 

30  to  100 

Cs(km/s) 

63 

15 

41  to  91 

nfonnalion  from  Feldman  et  al.  .|  1977 1 ) 


ame  in  these  two  directions  showing  that  the  electron  dis- 
ribution  function  is  symmetric  about  tl.e  magnetic  field 
irection.  Again  the  data  are  fit  with  Waxwellians  at  low 
peeds  and  more  complex  functions  are  fit  to  the  residual 
luxes  at  high  speeds.  The  low  speed  portions  of  electron 
listribution  functions  are  collision  dominated,  whereas  the 
ery  high  speed  portions  are  coliisionlcss.  Observed  distri- 
lution  functions  are  consistent  with  a  theoretical  model  in 
vhich  the  entire  distribution  at  all  velocities  arises  from  the 
ffects  of  Coulomb  collisions  jScudder  and  Clbert.  I979I. 

Although  there  is  not  yet  general  agreement  concerning 
he  best  method  for  describing  and  interpreting  electron 
)bservations,  the  data  presentation  that  is  used  here  is  that 
)f  Feldman  et  al.  |I977).  in  which  the  measured- Hux  dis- 
ribution  is  broken  up  into  low  and  high  speed  parts  as  shown 
n  Figure  3-10.  The  electron  and  proton  densities  and  bulk 
'elocities  are  set  equal,  consistent  with  the  observations, 
(he  electron  distribution  function  is  described  as  a  super- 
wsition  of  two  distributions,  one  a  cold  component  f,  and 
he  other  a  hot  component  fh.  so  that  f  =  f^.  +  fi,.  The  cold 


component  electrons  below  50  eV  that  can  be  well  fit  with 
a  bimaxwellian  function  are  also  knc  vr.  as  the  core  elec¬ 
trons.  The  hot  component  or  halo  eiec.ron  component  is 
defined  as  the  remainder  of  the  measured  distribution  func¬ 
tion  after  the  cold  component  is  subtracted.  In  this  scheme 
from  3  to  \09f  of  the  electrons  belong  to  the  hot  component. 
The  enc.gy  at  which  fh  begins  to  rise  above  f^  is  about  60 
eV.  The  hot  and  cold  components  generally  move  relative 
to  one  another  along  the  magnetic  field  direction  so  that  no 
net  current  flows  in  the  frame  of  reference  moving  with  the 
protons.  The  total  bulk  velocity  is  observed  to  be  within 
about  50  knVs  of  the  proton  velocity.  The  total  heat  flux  in 
the  solar  wind  is  primarily  carried  by  the  hot  electron  com¬ 
ponent.  If  Ixith  halo  and  core  components  are  fit  with  bi¬ 
maxwellian  distributions  then  the  average  core  electron  tem¬ 
perature  is  1 .2  v  10'  K.  whereas  the  average  halo  electron 
temperature  is  6.9  x  |0'  K.  The  value  of  1.4  x  10-'  K 
given  in  Table  3-1  is  the  temperature  derived  from  the  fit 
of  the  distribution  function  as  a  whole.  As  can  be  seen  from 
Table  3- 1 .  the  electron  temperature  does  not  vary  as  widely 
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as  the  proton  temperature.  The  electron  thermal  pressure  is 
usually,  but  not  always,  greater  than  the  magnetic  held 
pressure  (3  =  SirnkT/B’,  >  I ).  Thus,  although  the  pro¬ 
ton  thermal  pressure  is  usually  less  than  the  magnetic  field 
pressure  Op  <  I),  the  average  P  calculated  using  the  total 
thermal  pressure  is  about  2  (Table  3- 1 ). 

3.2.4  Other  Ions 

Since  helium  is  the  second  most  abundant  solar  con¬ 
stituent,  it  was  expected  to  be  present  in  the  solar  wind  in 
quantities  that  could  be  detected  by  the  early  solar  wind 
probes.  This  expectation  was  fulfilled  with  the  flight  of 
Mariner  11  in  1962  (Neugebauer  and  Snyder.  I966|.  How¬ 
ever,  the  measured  values  of  the  abundance,  velocity,  and 
temperature  of  the  helium  component  of  the  wind  were  so 
different  from  what  would  be  expected  on  the  basts  of  simple 
theory  that  the  behavior  of  helium  is  soil  not  well  under¬ 
stood.  For  a  recent  review  of  helium  observations  see 
Neugebauer  (I98l|.  Observationally,  the  helium  properties 
are  ordered  by  large  scale  structures  such  as  sectors,  velocity 
streams,  and  flare  disturbances.  These  properties  will  be 
discussed  further  in  Section  3.3.  The  simplest  helium  pa¬ 
rameters  to  measure  are  relative  abundance,  velocity,  and 
temperature.  The  major  unexpected  results  are  that  in  the 
vicinity  of  the  earth,  relative  abundances  of  helium  by  num¬ 
ber.  n„/np,  vary  from  less  that  10  '  to  more  than  0.3,  helium 
velocities  tend  to  be  a  few  km's  larger  than  hydrogen  ve¬ 
locities,  and  the  temperature  of  helium  is  usually  about  3 
.  or  4  times  that  of  hydrogen. 

Helium  in  the  solar  wind  is  almost  always  completely 
doubly  ionized,  as  would  be  expected  because  of  the  high 
coronal  electron  temperatures.  However,  a  few  events  have 
been  reported  in  which  He  '/He*’  *  reached  levels  as  high 
asO.I  (Schwennetal..  1980|  and 0.3  (Gosling et  al.,  1980). 
These  events  have  been  interpreted  as  the  inclusion  into  the 
wind  of  material  from  relatively  cool  chromospheric  prom¬ 
inences. 

The  distribution  of  relative  abundance  values  of  He*  * 
by  number  measured  by  the  Vela  3  satellites  is  shown  in 
Figure  3-11  (Robbins  et  al..  I970(,  For  this  data  set  the 
values  ranged  from  8. 1  x  |0  ^  to  4.2  x  10  The  yearly 
average  abundance  between  1962  and  1976  varied  from  3'5f 
to  something  over  5^?.  The  helium  abundances  are  not  dis¬ 
tributed  randomly  in  the  plasma  hut  instead  show  systematic 
behavior  that  has  not  yet  been  satisfactorily  explained  the¬ 
oretically.  Most  values  of  na/np  5:  0. 1 5  in  Figure  3^  1 1  were 
observed  in  solar  wind  reliably  associated  with  major  solar 
flares  (Hirshberg  et  al..  I972|.  Although  most  helium  abun¬ 
dance  enhancements  are  assiK-iated  with  flares,  regions  of 
solar  wind  containing  between  9'/}  and  1.3V,  helium  plasma 
are  sometimes  see"  e:  '  ■ '  speed  w  ind  with  no  asswiation 
with  maj'if  flare '  ijflanctary  shtxrks  (Section  3.3.3). 

In  general,  the  data  suggest  that  unusually  high  solar  wind 


hel’um  abundances  may  be  asstxriated  with  impulsive  in¬ 
jections  into  the  wind  of  hot  or  cool  coronal  plasma  as  a 
result  of  solar  activity  but  there  does  not  appear  to  be  a  one 
to  one  correlation.  Helium  abundance  also  shows  a  trend 
toward  larger  values  in  higher  velocity  winds  but  this  trend 
is  time  dependent  and  may  change  with  the  solai  cycle.  The 
average  abundances  at  velocities  of  300  km/s  vary  between 
3%  and  4%.  and  at  5(X)  km/s  average  abundances  between 
5%  and  9%  have  been  reported  (Neugebauer,  1981  (, 

The  helium  and  hydrogen  components  of  the  solar  wind 
have  almost  the  same  speed  at  I  AU.  However,  differences 
of  up  to  a  few  tens  of  kilometers  are  common,  and  the 
helium  is  usually  moving  faster  than  the  hydrogen.  The 
average  reported  value  of  the  ratio  of  the  helium  to  hydrogen 
speeds  (v„/Vp>  ranges  from  I.OOl  to  1.035  and  is  always 
positive.  The  direction  of  helium  motion  relative  to  hydro¬ 
gen  is  generally  along  the  direction  of  the  magnetic  ficlc'. 
At  I  AU  the  velocity  difference  v„  -  Vp  is  in  general  pro¬ 
portional  to,  but  less  than,  the  Alfv6n  wave  speed.  Also, 


HELIUM  TO  HYDROGEN  DENSITY  RATIO 

Fijiurc  .VII  T.ic  disiribulion  «‘f  M»lar  vsind  helium  to  h> Jroecn  rurnK’r 
densit)  rahos  (Robhms  et  al  .  W7i))  The  h  '  r.  cnS.inte- 
ment  events' reflected  m  the  hieh  abund.ir' 

:isstH;ialed  with  major  Mdar  flares 


3-11 


CHAPTER  3 


1 


v„  -  Vp  is  strongly  dependent  on  the  ratio  of  the  solar  wind 
expansion  time  to  the  Coulomb  collision  slowing  down  tiine. 
The  expansion  time  scale  is  dehucd  as  the  time  required  for 
a  solar  wind  ion  to  move  through  one  density  scale  height, 
it  has  been  suggested  that  the  helium  is  accelerated  to  higher 
velocities  than  hydrogen  by  waves  in  the  interfdanetary  me¬ 
dium  but  as  yet  there  is  no  direct  observational  coririimation. 

The  temperature  of  helium  is  almost  always  higher  than 
that  of  hydrogen,  and  it  appears  that  there  is  a  tendency  for 
the  thermal  velocities  of  the  two  components  to  be  equal 
rather  than  for  the  temperatures  to  be  equal.  The  most  prob¬ 
able  value  of  T„/Tp  is  between  2  and  4  but  values  as  high 
as  1 0  are  occasionally  observed.  Average  values  of  T„/Tp 
calculated  from  different  data  sets  have  varied  from  about 
3  to  S.  It  is  not  known  if  this  difference'  is  due  to  actual 
changes  in  the  solar  wind  or  to  inaccuracies  in  the  measure¬ 
ments.  There  is  a  positive  Correlation  between  T„/Tp  and 
v„  -  Vp.  The  behavior  of  T„  is  not  understood  theoretically 
but  it  has  been  suggested  that  the  waves  that  can  prefer¬ 
entially  accelerate  helium  may  also  heat  the  ions  by  an 
amount  roughly  proportional  to  their  masses. 

In  addition  to  '‘He  ions,  solar  wind  ‘He  ions  have  been 
detected.  The  ''He‘^  ‘/'He*  *  ratio  has  been  measured  both 
from  foils  left  on  the  lunar  surface  and  directly  using  an  ion 
composition  experiment  on  ISEE  3.  The  results  of  the  two 
techniques  are  in  agreement.  The  ISEE  experiment  found 
on  average  ‘He  *  *  /'He  *  *  of  2- 1  ±0.2  x  U)'  using  more 
than  4000  observations;  however,  the  distribution  was  very 
broad.  Low  ratios,  which  lasted  a  few  hours,  had  a  tendency 
to  characterize  periods  of  low  ‘He*  ^  flux  (Ogilvie  et  al., 
1980). 

Some  ions  heavier  than  helium  have  been  observed  in 
the  interplanetary  medium.  The  observations  are  difficult  to 
make  because  of  the  low  ionic  abundances.  However,  neon 
has  been  collected  on  foils  on  the  moon,  and  plasma  probes 
have  been  able  to  resolve  oxygen,  iron,  and  silicon  at  times 
when  the  plasma  temperatures  are  low.  The  relative  abun¬ 
dances,  are  within  a  factor  of  ten  of  coronal  abundances, 
and  the  speeds  tend  to  be  the  same  as  the  speeds  of  the 
helium  observed  at  the  same  time.  There  does  not  appear 
to  be  any  further  acceleration  of  heavy  ions.  The  temper¬ 
atures  however,  apparently  increase  further  with  higher  ion 
mass  and  measurements  of  oxygen  temperatures  suggest  that 
the  thermal  speeds  of  all  constituents  tend  to  be  equal  in 
the  solar  wind  (Ogilvie  et  al..  I980|, 

The  ionization  state  of  heavy  ions  provides  important 
information  on  the  electron  temperature  at  their  source  in 
the  corona  The  ionization  state  of  the  atom  in  the  collision 
dominated  corona  is  determined  by  a  balance  between  ion¬ 
ization  by  electron  collisions  and  recombination  due  to  ra¬ 
diative  and  dielectronic  processes.  As  the  solar  wind  moves 
away  from  the  sun.  collisions  become  more  rare,  and  beyond 
some  heliocentric  distance  the  ionization  state  of  the  particle 
remains  unchanged.  This  process,  called  '  freezing  in."  per¬ 
mits  the  particles  to  be  used  as  tracers  of  their  sources. 
(Note  that  the  term  "freezing  in"  has  already  been  used  in 


another  context  in  Section  3.1.1.  The  two  uses  arc  so  dif¬ 
ferent  they  almost  never  cause  confusion.)  The  heliocentric 
distance  at  which  freezing  in  occurs  depends  somewhat  on 
the  type  of  particle  involved  because  of  the  details  of  the 
interactions.  In  slow,  low  temperature  regions  of  the  wind 
the  abundances  of  cy  *  to  O’  *  ions  in  the  available  data 
set  indicate  a  freezing  in  temperature  of  2. 1  x  10*  K  and 
the  abundances  of  Fe’*  through  Fe"'*  yield  1.5  x  10*  K. 
Other  plasma,  associated  with  solar  wind  accelerated  by 
flares  showed  oxygen  and  iron  freezing-in  temperatures  of 
3  X  10*  K  I  Bame  et  al. ,  1979],  and  iron  charge  states  have 
indicated  temperatures  as  high  as  I  6  x  10’  K. 

3.2.5  Waves  and  Turbulence 

Observations  of  the  solar  wind  show  that  there  are  vari¬ 
ations  in  almost  all  quantities  on  ail  time  scales.  For  ex¬ 
ample.  as  discussed  in  Section  3.2.2  the  interplanetary  mag¬ 
netic  field  of  a  uniform  undi.sturbed  wind  should  not  have 
any  Z  component;  however,  hourly  average  Z  components 
are  about  1/3  the  intensity  of  the  field  magnitude.  This  Z 
component  is  due  to  the  presence  of  waves  and  discontin¬ 
uities  in  the  plasma. 

Considering  the  solar  wind  as  a  turbulent  medium,  power 
spectra  have  been  calculated  and  compared  with  the  theo¬ 
retical  predictions  based  on  magnctohydrodynamic  turbu¬ 
lence  theory.  Spectra  of  the  magnetic  field,  particle  density, 
and  particle  velocity  variations  have  been  given  in  the  lit¬ 
erature. 

Magnetic  field  data  lend  themselves  to  these  studies 
because  of  the  good  time  resolution  and  accuracy  of  the 
measurements.  Examples  of  spectra  in  the  10^’  to  10  '  Hz 
range  are  given  in  Figures  3- 1 2a  and  3- 12b  (Hedgecock, 
1975).  If  the  field  could  be  described  as  that  ideally  present 
in  a  spherically  expanding  constant  velocity  solar  wind  with¬ 
out  fluctuations,  there  vould  be  no  components  in  the  two 
transverse  directions.  The  top  curve  in  Figure  3- 1 2a  gives 
the  power  in  the  variations  of  magnitude.  The  power  levels 
in  the  magnitude  are  much  lower  than  the  levels  in  the 
components.  The  spectra  of  the  two  transverse  comptrnents 
(T  and  N)  are  very  similar  and  have  been  averaged  t()  pro¬ 
duce  the  transverse  spectrum  Tr.  A  composite  specta-m  of 
the  transverse  power  is  shown  in  Figure  3- 1 2b.  Note  the 
different  spectral  indices  used  to  til  the  data  in  the  different 
frequency  ranges.  The  magnetic  field  power  spectrum  for 
pcritxis  greater  than  a  day  tends  to  flatten.  The  power  spec¬ 
trum  slope  varies  from  day  hi  day.  or  for  lower  frequencies 
from  sample  to  sample.  In  the  10  '  to  It)  ’  Hz  range  both 
the  slopes  and  the  absolute  value  of  the  power  variations 
are  consistent  with  a  factor  of  10  variation.  (Hedgccock. 
1975).  When  the  spectrum  was  fitted  with  a  line  given  by 
F.  the  average  spectral  exponent  N  for  17  periods  in  1972 
was  1,27. 

Examples  of  power  spectra  of  solar  wind  fluctuations  in 
positive  ion  flux  are  shown  in  Figure  3-l.3a  INeugebaucr. 


3-12 


SOLAR  WIND 


FREQUENCY  (loig,QHz» 

(0) 

I975|.  Curves  A  and  D  are  for  the  noisiest  and  quietest  100 
spectra  of  the  1728  spectra  in  the  data  set  used  in  this  study. 
In  the  10  second  region  these  two  p»)wer  densities  differ  by 
more  than  a  factor  of  100.  Curves  B  and  C  are  two  different 
types  of  averages  of  the  entire  data  set.  In  curve  B  the  values 
of  the  power  density  are  simply  averaged.  In  curv'e  G  the 
logarithms  of  the  power  spectral  density  are  averaged  to 
avoid  giving  too  much  weight  to  the  shape  of  the  spectra 
from  the  most  turbulent  intervals.  The  error  bars  represent 
90^  uncertainty  levels.  The  enhancement  at  high  frequen¬ 
cies  is  probably  due  to  fluctuations  at  the  proton  thermal 


Figure  3-12.  (a)  Power  spectral  density  (PSD)  of  the  interplanetary  mag¬ 
netic  Held.  The  R  direction  is  along  the  average  spiral  di¬ 
rection  of  the  field.  N  is  in  the  solar  meridian  plane  and  T 
completes  the  system.  B  is  the  magnitude  of  the  field.  The 
components  are  as  marked.  T»  is  the  average  of  the  trans¬ 
verse  (N.  T)  spectra  (adapted  from  Hedgecuck.  I97.S|.  (b) 
A  composite  mean  transverse  power  spectrum  for  1972 
IHedgccock,  1975). 


gymradius.  A  long  period  velocity  spectrum  is  shown  in 
Figure  3- 1 3b  from  Coleman  1 1  %81. 

Frequently,  fluctuations  in  the  solar  wind  can  be  rec¬ 
ognized  as  distinct  types  of  waves  and/or  discontinuities. 
Discontinuities  will  be  discussed  in  Section  3.3.  Although 
a  kinetic  theory  treatment  is  required  for  a  proper  description 
of  the  behavior  of  waves,  the  magnetohydrodynamic  theory 
is  useful  for  classifying  the  waves  (Bumes.  I979|.  There 
are  three  types  tff  MHD  waves,  the  transverse  Alfven  (or 
intermediate)  wave,  and  fa.st  and  slow'  magnetoaciHistic  waves. 
The  transverse  Alfven  wave  is  non-compressive  with  con¬ 
stant  magnitude  of  the  magnetic  field,  but  not  constant  di¬ 
rection,  The  fluctuating  magnetic  field  and  velocity  are  re¬ 
lated  by 

b  =  i:  (4iTp)'  w  (3. 17) 

where  b  is  the  magnetic  perturbation,  v  is  the  velocity  per¬ 
turbation,  and  p  is  the  constant  density  The  vehKity  of  an 
Alfven  wave  is  given  by  C,v  =  B/(47rp)'  ^  Typical  values 
of  are  given  in  Table  3-2. 

The  two  magnetoacoustic  rntxlcs  are  compressive  and 
their  magnetic  fluctuations  are  nearly  linearly  polarized.  The 
vekKities  of  the  fast  and  slow  waves  are  given  by 
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Figure  ^  hnir  Jiffcrcnt  typc>  of  jvcmgo  of  the  pmer  spccfral  dcnMty  of  vunalMmv  in  the  total  charge  hux  of  piAiiivc  ions  (Neugchauer.  1*^75) 

(hi  poster  spectra  of  the  solar  s^imi  vckicitv  in  K'olcman.  i*^).  (ReprintetJ  >»ith  permissMHi  from  the  Amcman  Astronomical  Society 
f  1968.1 


(Cx  ^  c;i  ±  a  +  c{ 


2c;c; cm  2  » 


(3  I8» 


where  t\  is  the  speed  of  'tnind.  H  is  the  dinretion  ot  the 
wave  normal  relative  to  the  field,  and  the  plus  is  taken  lor 
the  fast  mode  and  minus  for  the  slow/  mode.  Typical  values 
of  aa*  sK<iwn  in  Table  3-1  where  i\  =  JkiT.  ■*-  3T,.'^ 
m|'  This  expression  assumes  the  electrons  resp<ihd  iso- 
thermally  and  the  protons  adiahatically  to  one  dimensional 
sound  waves  as  expected  Irom  the  electrons  n)lc  in  heat 
conduction.  In  the  limit  of  small  amplitude  waves.  Ilui 'na¬ 
tions  can  be  thought  of  as- a  superposition  of  these  three 
types  of  MUD  waxes.  Howcter.  the  waves  in  space  arc  not 
small  amplitude  so  that  their  behavior  is  more  complex  than 
described  by  small  amplitude  .MUD  theory.  The  magnetoa- 
coustic  modes  will  be  damped  and  so  will  not  be  expected 


to  be  observed  far  fmm  their  place  of  origin.  The  Alfven 
wave,  how e vet.  is  not  damped 

By  far  the  m»>st  commonly  observed  wave  in  the  solar 
wind  is  the  Alfven  wave  An  example  is  shown  in  Figure 
3-14,  In  this  figure  R  is  the  radial  dircctiiin  and  N  and  T 
arc  transverse  directions  The  vcliK'ity  and  field  component 
variations  are  approximately  related  according  to  the  expres¬ 
sion  above.  The  magnetic  field  magnitude  anti  the  plasma 
densitv  show  ven  little  variatitm.  Interplanetary  f’uctuations 
are  dominated  by  large  amplitude  aperitxlic  Alfven  waves 
more  than  .30' <  of  the  time  |Belchci  and  Davis,  mifll.lhc 
clearest  examples  iK’cur  m  high  -vcItKity  streams  (Section 
3  3  -1  anti  their  leatling  edges  These  waves  arc  propagating 
outward  in  the  rest  frame  which  implies  that  they  arc  pro¬ 
duced  in  or  near  the  sun  below  the  critical  ptiint  of  the  flow 
r..  Thev  have  not  yet  been  actually  ttbserved  in  the  vicinity 
t>f  the  sun  and  this  is  a  very  difficult  observaiittn  tt>  make 
without  in  siin  detectors  In  the  vicinity  ttf  the  earth,  changes 
in  the  magnitude  of  B  are  small  with  A!B{  |B|  —  0.0f>  whereas 
the  variation  of  the  components  is  relatively  large  with  AB, 
iB'  -  0.4  where  i  indicates  a  component  [Burlaga  and  Turner. 
IV76|.  The  direction  of  minimum  variance  of  the  field  is 
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Fi}!urc  .V|4  Altscfi  m  the  votar  uinJ  C'unc*.  a.  h  &  c  that  the  Mntni;  varulumh  of  rhe  magnetk  liclJ  cinnpiMienlh  oceu?  Mmullanctmviv 

lAith  tike  \4natH*ns  ot  the  vekKitv  C'ur>c  4  nIhhav  tli^  the  tK'Ul  nu^nttiMJe  and  Ucnvitv  «were  both  ver>  Mcaiiv  {Beiehcr  ami  I>4\is.  1971) 


ahHig  the  main  licld.  The  oh\crvc<l  frequencies  of  the  waves 
arc  from  the  order  of  minutes  to  hours.  In  Figure  3-1 2a  the 
low  power  levels  m  the  spectrum  of  |B|  compared  to  the 
spectrum  of  the  variations  of  com|ionenls  i\  due  to  tiie  d<Hii- 
inance  of  .Mfven  waves. 

Observations  also  show  tiuctuations  in  the  solar  wind 
that  arc  non-.MIvenic  For  evaniple.  the  leading  edges  of 
high  veliK  itv  streams  contain  large  amplitude  Alfvcn  waves, 
a  non-.AIfvenic  component,  and  also  perhaps  an  Allvenic 
component  propagating  toward  the  sun  (Belcher  and  Davis. 
|U7)  j  I'h.-sc  l;i(u-r  iwo  ivpes  of  waves  are  nrohahiv  of  local 
origin. 

There  arc  ver.  lew  unambiguous  idcntificat«»ns  of  m- 
terplanctarv  magneioacouslic  waves  One  case  reponed  bv 
Burlaga  (IVb«|  is  probablv  a  fast  iiiagnetoacoustic  wave 
propagating  across  the  magnetic  licld  (Barnes,  l‘)7V( 

3.3.  LARGE  SCAI.E  STRLC'Tl'RF.S 
AND  DISCOMiNUITIES 


3.3.1  Discontinuities 

Before  discussing  the  types  of  disturbances  that  appear 
at  I  AU  in  the  solar  wind,  it  is  helpful  to  describe  the 
classifications  (,f  discontinuties  more  completely.  For  this 


purpose  the  hydromagnetic  approximation  is  used,  that  is. 
the  plasma  flow  will  be  appniximated  by  the  flow  of  a 
dissipat ionless  perfext  gas.  The  magnetic  Held  will  be  as¬ 
sumed  to  follow  the  How.  The  appniximation  will  be  suf 
ticiently  accurate  to  organize  the  observ  ations  of  interplan¬ 
etary  disturliances  and  diseontinuities  discussed  here  The 
quantities  that  must  he  conserved  across  a  hydromagnetic 
discontinuity  are  mass,  momentum,  energy,  the  component 
ol  the  magnetic  he'd  perpendicular  to  the  discontinuity,  and 
the  component  of  tlx-  electric  field  tangential  to  the  discon¬ 
tinuity  I  he  lump  conditions  have  bexn  given  by  .Spreiter 
and  Alksne  (IVhV) 

For  a  tangemial  discontinuity: 

v„  -  H„  =  0  (.f.iqi 

(v.l  *  II.  |H,|  4  (t.  (pi  i  0.  (P  +  H  SttI  =  0. 

for  a  contact  discontiunity 

v„  =  0.  H„  ^  II.  |v|  =  (HI  -  (PI  =  0.  (pi  *  0. 

i.f  2i't 

for  a  rotational  discontinuity: 
v„  -  •  H„  I4r7p)'  (v,|  =  (ll,[  i4ttp)'  ’ 

Ipl  =  |P|  =  |^„l  ^  |v-|  IH'l  =  |||„|  I). 
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and  fast  and  slow  shock  waves  satisfy 

v„  *  0.  IpI  >  0.  IP)  >  0.  |H„1  =  0 

(pv„)  »  (pv„)  3*  (pv„) 

fast  rot  slow 

H,  and  H’  through  (  ^  shock 

I  decrease  j  I  slow  j 

Here  v,  p.  P.  and  H  are  the  velocity,  density,  pressure,  and 
magnetic  held  intensity  respectively  in  a  frame  of  reference 
at  rest  with  the  discontinuity.  Subscripts  t  and  n  refer  to 
components  tangent  to  and  nonnal  to  the  di.seontinuity  .sur¬ 
face  and  1 1  denotes  the  difference  in  the  enclosed  quantity 
on  the  two  sides  of  the  discontinuity.  The  rotatkHial  dis¬ 
continuity  is  the  steepening  of  an  Alfven  wave.  Fa.st  and 
slow  siHX'ks  arc  tlic  steepening  of  fast  and  slow  magne- 
toacc(Histic  waves.  Contact  and  tangential  discontinuities  do 
not  propagate  in  a  frame  of  reference  at  rest  with  the  un¬ 
disturbed  plasma.  The  three  other  discontinuities  do  prop¬ 
agate  in  that  frame.  Contact  disci<ntinuitics  are  not  expected 
to  be  observed  in  the  solar  wind  because  they  are  difficult 
to  form  and  would  decay  away  quickly.  Tangential  aiHl 
rotational  disc<intinuitics  and  fast  ar^d  slow  shix'ks  have  been 
observed  Slow  sh.Kks  are  very  rare,  and  if  not  specifically 
stated  otherwise,  the  ,wonJ  "shcKk"  w  ill  he  used  here  to  refer 
to  a  fast  shtKk. 

At  earth,  three  types  of  discontinuities  are  common,  fast 
shtvks  and  rotational  and  t.'ingcntial  dircontinuitics.  ShcK'ks 
ate  formed  in  the  solar  wind  by  the  steeping  of  the  interactuHi 
region  between  fast  and  slow  solar  wirul  parcels.  Ihey  are 
commonly  asMK'iateJ  with  impulsive  hig.h  speed  s<»lar  wind 
fn>m  flare  events.  The  interaction  region  hetween  long  lived 
streams  of  slow  and  fast  solar  wind  rarely  steepens  into 
shtx'ks  by  the  time  the  solar  wind  regions  arrive  at  earth. 
Rotational  and  tangential  discontinuities  are  commonly Ob¬ 
served  at  I  AU  and  are  apparently  formed  close  to  the  sun 
but  the  nK'chani'm  of  fonr.ati<>n  is  tHi!  kno-vn  fTsarufani 
and  Smith.  IV79|.  SiiKC  the  magnetic  fields  we  measured 
in  space  with  a  smaller  sampling  interval  thin  purticlc'.. 
most  studies  of  discontinuities  have  used  ohser  atnmal  cn- 
leria  based  on  changes  in  the  magnetic  fields  The  frequerK'y 
of  ix'currencc  of  discontinuities  will  depend  on  tb.-  selection 
criterion  hut  with  carefully  designed  criteria  it  is  found  that 
tangential  and  rotational  discontinuities  ix'cur  at  a  rate  of 
OIK  or  two  per  hour  The  mean  time  interv  a!  between  arrivals 
of  discontinuities  can  typically  Kr  described  by  a  .“oisson 
distribution  over  the  interval  of  from  perhaps  fO  minutes  to 
an  hour,  but  the  rate  of  iKcurrencc  varies  strongly  on  .i  time 
scale  of  several  days,  f-ven  on  a  time  scale  of  several  solar 
rotations,  the  average  rate  varies  by  a  factor  of  more  than 
2  ITsurutani  and  .Smith,  I979|.  Two  important  parameters 
that  characterize  the  discontinuities  are  the  angle'  through 
which  the  magnetic  field  rotates  and  the  percentage  change 


in  the  field  magnitude.  The  distributions  of  these  quantities 
are  shown  in  Figure  3-15,  adapted  from  Tsurutani  and  Smith 
1 1 979 1 .  Small  angle  and  magnitude  changes  occur  most 
frequently.  Discontinuities  are  usually  quite  abrupt.  A  study 
of  Mariner  4  magnetic  field  data  found  that  50%  of  the 
discontinuities  analyzed  had  thicknesses  less  than  3500  km 
and  10%  les.s  than  500  km  ISisciK  et  al.,  I968|. 

A  class  of  discontinuities  called  directional  discontin¬ 
uities  (DD)  has  been  defined  as  events  that  are  either  ro¬ 
tational  or  tangential  discontinuities  aixi  show  abrupt  changes 
in  magnetic  field  of  at  least  .30°  in  consecutive  30-second 
magnetic  field  averages.  It  is  not  possible  to  unambiguously 
distinguish  between  tangential  discontinuities  and  rotational 
discontinuities  among  DDs.  but  is  was  found  that  in  low 
vckxity  solar  w  ind  tangential  discontinuities  are  most  com¬ 
mon  whereas  DDs  consistent  with  outward  propagating  ro¬ 
tational  discontinuities  become  the  predominant  mode  in 
high  velwity  winds  ISoltxlyna  ef  al..  1977). 

Sh«x'k  discontinuities  are  alst>  observed  at  earth  and  are 
usually  asstx'ialed  with  solar  events  such  as  flares  or  perhaps 
errwpling  prominences.  The  fast  solar  wind  from  such  an 
event  accelerates  the  ambient  wind  in  front  of  it.  If  the 
difference  in  vclixity  between  the  fast  wirwl  and  the  ambient 
wind  is  larger  than  the  speed  of  a  fast  magnctohydrodynamic 
wave,  a  sbx'k  will  form  in  the  ambient  wind  at  a  position 
Well  in  front  of  the  Nmndary  between  the  ambient  wind  and 
the  flare  plasma.  This  shrx’k  is  known  as  the  forward  shvKk. 
As  the  fast  plasma  accelerates  the  ambient  plasma,  conser¬ 
vation  of  energy  and  momentum  require  the  fast  plasma 
itself  to  slow  down  11  the  slowing  down  is  severe  enough 
another  shtx’k  called  the  reverse  shrx'k  will  form  within  the 
fa.vt  plasma  on  the  sun  side  of  the  Niundary ,  When  a  detector 
passes  through  a  forward  sivx’k.  there  will  be  a  sudden 
increase  in  magnetic  field,  density,  and  temperature  and  a 
decrease  in  vchx'ity.  Passage  through  a  reverse  sNx'k  will 
appear  as  a  decrease  in  magrKtic  field,  density,  and  tem¬ 
perature  and  an  increase  in  vchx'ity.  Both  types  of  shrx'ks 
have  been  observed  as  shown  in  Figure  3- If*  (Burlaga  and 
King.  1979).  Fi>rward  and  reverse  shrxks  are  fourol  in  flare 
asMKialed  events  aixJ  rc'.  ersc  shixks  tx'easkitiaily  are  formed 
during  the  interaction  ol  long  lived  streams  of  slow  and  fast 
solar  wind  Howcvei.  sbxks  are  rk>t  as  ctHiim>Ni  as  Dl>s 
and  iK'cur  once  every  few  days  at  sunspot  maximum  and 
less  frequently  at  li*w  sunspot  numK'r 

The  jump  conditions  at  sbxks  (Rankinc  Hugoniol  cim- 
ditionsi  allow  the  strength  of  iIk*  sh*x‘k  and  the  direction  of 
the  normal  to  the  sbx'k  to  be  determined  if  the  plasma  and 
field  propr-rtics  are  known  accurately  enough.  For  strong 
shtx'ks  the  direction  of  the  nonnal  lothe  sh<K-k  can  be  found 
fn>in 

n  =  ±  (B,  X  B;)  X  (B:  -  B|).  1.3.23) 

where  B|  and  B.  arc  the  observed  fields  before  and  after 
shixk  passage  and  the  sign  depends  on  whether  the  shock 
is  forward  or  reverse.  A  wide  range  of  shock  normals  has 
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Fipire  5-15  Nxmijlirctl  iliN(nNnH>n«  <•(  (at  the  liekJ  nUiditin  angle  i|  acrnss  iliM.iinlinuilK>  and  »f  lb)  the  iclative  hcM  change  B| .  where  Bt  K  the 
larger  >’l  ihc  held  niagniiude'  i>n  cilher  vje  of,  the  diwticilmuiiy  The  two  plihc  in  each  panel  are  the  nomulired  dixnhuiHm  plus  «r  minus 
one  siafidard  desijlHm  ITsurulani  and  Smith.  W7U| 


been  observed,  and  althoueh  rmist  normals  lie  within  45' 
or  so  of  tly;  canh-sun  line,  almost  any  orientation  can  tKCur. 
In  addition,  the  flaies  that  cause  the  strongest  slKK-ks  tend 
to  occur  within  45’  «»f  the  central  meridian  t»f  the  son  but 
sometimes  flares  occurring  near  the  solar  limbs  cause  shrK'ks 
to  appear  at  earth's  orbit.  Th-  Mach  numbers  of  most  of 
the  few  shtKks  for  which  determinations  have  been  made 
tend  to  be  rather  low.  aNiut  2  or  .'.  but  stronger  shrxks  do 
occur  IHundhauscn.  1972|. 


3.3.2  Solar  Wind  Streams 

The  earliest  continuous  observations  of  the  solar  wind 
were  those  from  Mariner  2  INeugebauer  and  Snyder,  l%61 
which  found  that  the  .solar  wind  speed  and  density  were 


variable,  but  Kith  quantities  also  exhibited  a  good  deal  of 
order  iFigu".*  .''-17).  During  a  27-day  rotation  period  of  the 
sun.  several  intervals  of  higlici  than  average  speed  iKCurcd. 
As  seen  in  the  figure,  the  high  speed  intervals  tended  to 
recur  on  the  next  rotation.  The  proton  density  typically 
maximized  before  tK;  veltKity.  These  high-speed  corotating 
tthat  is.  rotating  with  the  sun)  streams  are  one  of  the  out¬ 
standing  organized  features  of  the  solar  wind.  A  particular 
stream  may  persist  for  many  months  of  longer  than  a  year. 
They  are  responsible  for  recurrent  geomagnetic  storms  that 
characterize  the  declining  phase  of  the  sunspi.i  cy.ie.  The 
streams  are  imbedded  within  the  sector  structure,  that  is. 
magnetic  sector  Kiundarics  typically  precede  the  velcKity 
rise  by  hours  or  days.  The  solar  sources  of  the  streams  are 
the  low  temperature,  open  magnetic  field  regions  known  as 
coronal  holes  [Ncupert  and  Pizzo.  I974|. 

The  properties  of  the  stream  structure  have  been  exten- 
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^i;urc  >  lfi  SIhvIiv  jnti  '•team  in(crf»c\  lal  pivc-  tmurly  average  <ia(a  ft*  tt»i>e»amplcv  ttf  shuv^v  detnied  in  the  vttlaf  »ind  \ti*e  the  ftte  m  veltntly. 

Icnifx-ralurv .  density  and  inaenetis  tk'ld  at  the  miIkI  settHal  line  The  dashe-d  line  indKatcs  the  end  nt  the  shneked  rrgittn  ihi  shtnas  a  stream 
intertase  The  interfaee  teeun;  is  eharaeieri/cd  hs  an  ahrupr  dinp  in  density  ant  nse  m  lempfrattirt-  h  i«  the  a-gtttn  hetsseen  the  density  and 
lemperatun-  masitna  ant  is  Nnjnded  hy  the  sertKal  lines  Althtwgh  htnh  the  shtnks  and  the  inlertaec  rcgHHi  are  eharat  tented  hy  very  high 
maen-iK  n.  l<ls  tn  il*-se  e«  ^•"j'les  that  feature  dt'c-  n<it  alts  ay tvyuf  isee  I  iguts  Ita  iiiay.iieiK  IkU  f*Tiasitie  asntss  a  si>a.ki.  (Burlaga 
and  King.  I'f'‘»| 


Mvely  anal\/cil  The  slruclurc  nhsersvd  at  I  Al'  is  partly 
due  III  the  sinie'.jre  of  the  yaiml  as  it  leases  the  sun.  and 
partly  to  the  evolution  of  that  struelua-  due  to  the  interaetion 
of  loss  ami  hiy'h  speed  siieanis  eninntted  front  a  rotating 
sun.  An  iniuitue  idea  of  the  iiileiaslion  is  easily  sleselojx'd 
by  the  lollomne  picture .  AssunK  low  speed  wind  leaves 
the  sun's  neighhiirhood  to  the  west  of  the  sourve  of  high 
speed  wind,  that  is.  at  a  position  further  along  in  the  di¬ 
rection  of  ndation  This  means  that  as  the  sun  rotates  the 
high  speed  region  rotates  to  the  angular  position  previously 
iveupied  hy  the  low  speed  source  a’gion  I'hen.  viewed 
along  a  radius  vector  to  the  sun.  the  low  speed  pariel  of 
wind  will  have  a  high  speed  parcel  of  wind  overtaking  and 
compressing  it.  As  the  high  speed  material  increases  the, 
vcliKity  of  the  low  speed  material,  the  low  speed  material 
will  become  compressed.  At  the  same  time,  due  to  conser¬ 
vation  of  momentum,  the  high  speed  material  w  ill  be  slowed 
and  its  density  will  increase.  Thus  a  ridge  of  high  density 


material  w  ill  form  on  both  sides  of  the  boundary  between 
the  streams 

The  Niundafy  between  low  and  high  speed  streams  has 
a  distinctive  character  and  is  called  a  stream  interface  region, 
it  IS  chaiasleri/ed  by  an  abrupt  drop  in  density,  a  sharp  rise 
in  lempcraiua'.  ami  a  rise  in  veliK-ily  that  may  he  small.  An 
example  of  a  stream  interface  is  given  in  Figure  .'  16  (Bur- 
laga  and  King.  1*1791  This  figua*  alvi  shows  an  example, 
of  an  interlace  assiviaied  with  a  very  intense  magnetic  field. 
Magm-lic  field  change  is  not  a  defining  characteristic  ol 
interfaces  and  often  is  not  pasent, 

A  study  of  the  eharacieristies  of  selected  solar  wind 
streams  was  made  by  Gosling  cl  ai.  1 1978)  who  superposed 
data  using  2.^  very  abrupt  interfaces  as  the  zero  tintc  point 
for  the  data.  The  data  were  extremely  well  ordered  by  this 
priKcdure.  as  is  seen  in  Figure  .T-IH.  The  figure  gives  the 
one  hour  average  data  for  100  hours  both  before  and  after 
the  interfaces.  The  error  bars  are  the  estimated  error  of  the 
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POSITION  RCLATIve  TO  INTERFACE  (doyt) 


Fiyure  I  iM  .Su|ici)a-»;U  aiul>»c.  »(  imc  htHit  avsRigc  plasnu  pnipcnica  in  Mrcjim  The  im>  time  i»  defined  heiny  the  lime  ■>»  wi  ahnipi 

imerliKe  Vi  \trcjni%  »iih  mute  yrjdual  imerfJccN  iFiyurc  I  IM  wen:  intTuded  in  the  aiulvsia  |(><»liny  el  »!..  IVTX) 


mojn  PiBurc  T-iXa  pivc'  the  proltin  ihormal  pa-saure,  Iht 
priiton  denajt).  ihc  tlim  i.nBk-  m  ihc  cchpiic  plane  and  Ihe 
Him  speed.  The  micrtae.'  iKcars  when  the  speed  K  spn 
quiie  low  .  aNnil  41*1  km  s  Three  hours  after  interlace  pas¬ 
sage.  the  .oeraBc  speed  is  jhoui  4X0  kni  s.  but  the  maximum 
aseraee  speed  of  .^bO  km  s  is  not  reached  until  I  days 
later.  The  plasma  near  the  interface  is  accelerated  by  the 
stream-stream  interaction  Since  Ihc  interaction  recion  has 
the  shape  of  an  Archimedes  spiral  (for  tlK*  same  reasons 
discussed  in  SecKon  .'.2.2.  for  the  magnetic  field  direction  I 
the  low  speed  plasma  is  dellected  toward  the  west  whereas 
the  hieh  speed  plasma  is  deflected  towards  the  east.  A  shear 
flow  occurs  at  the  interface.  Magnetic  sector  boundaries 
iKcur  in  the  low  speed  wind  preceding  the  interfaces  They 
typically  appear  from  I  ..S  days  to  I  ..S  hours  before  the  in¬ 
terfaces,  The  total  pressure  (that  is,  particle  plus  magnetic 
field  I  peaks  approximately  at  the  interface  although  the  pro¬ 
ton  density  and  proton  thermal  pressure  arc  already  declining, 
at  that  position.  On  the  average  there  is  discontinuity  in 


density  of  aNnit  7  cm  '  at  the  interface.  This  discontinuity 
takes  place  on  a  time  scale  of  minutes 

Figure  ,4- 1  Kb  gi  ves  the  temperatures  of  the  protons  and 
electrons  narallel  and  perpendicular  to  the  magnetic  field 
•All  four  quantities  change  discontinuously  at  the  interface 
and  both  electron  lempcraturcs  return  to  near  their  low  speed 
values  three  hours  after  the  interface  passes,  but  both  pnXiHi 
temperatures  remain  elevated.  Note  that  the  temperature 
scales  are  not  the  same  for  the  protons  and  electrons  and 
that  the  electnm  tcuqiciaijre  increase  is  relatively  small 
The  properties  of  the  helium  in  the  solar  wind  also  show- 
organization  when  analyzed  according  to  stream  structure. 
Figure  .V 1 8c  shows  that  the  abundance  of  helium  minimizes 
about  a  day  before  the  interface  and  that  btrth  the  helium 
,  temperature  and  the  ratio  of  alpha  particle  temperature  to 
proton  temperature  are  discontinuous.  In  most  of  the  stream 
structure  the  helium  is.  on  average,  flowing  faster  than  the 
hydrogen,  but  during  the  day  before  the  interface  is  crossed 
the  relative  velcxity  changes  sign,  and  in  this  region,  the 
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iroton  speed  exceeds  the  alpiia  particle  speed  by  a  few 
.  cm/s. 

).3.3  Solar  Flare  Disturbances 

The  second  major  interplanetary  structure  that  orders  the 
«>lar  wind  is  the  solar  Hare  disturbance.  Major  flares  eject 
liph  speed  plasma  into  the  wind,  which  results  in  a  dis- 
urbance  propagating  to  the  earth  and  beyond.  The  disturb- 
incc  is  shown  schematically  in  Figure  .^-19  (Barne  et  al.. 


O- 


•ijiunr  '  I**  A  Hh«.-mafK  Uu^rrani  »*f  j  pt»ssiMc  }:c<»mcir\  the 

«b(rkt  «i<'stt(rhtffKc  caiix\i  h\  .1  n)«it(*r  >«tlar  Han*  (HatiK*  ct  al  . 

IMTt*; 

I979I  The  rapidls  iiH)Mng  flare  plasma  compresses  the 
rmbient  wimi  helote  it  and  a  sh>vk  is  foroK'd  Studies  in- 
iieate  that  tor  maior  disturbances  the  shtK'k  expands  on  a 
sroad  troni  so  ihal  its, shape-  when  the  shock  arrives  al  1 
M  can  K-  appro\im.i!ed  b>  a  hall  circle  of  radius  (t.b  .Al' 
md  center  (I  4  Al  IMir'hherg.  I90X,  Rickeli.  I975|.  .At  the 
>h<vk  the  densiiv  proion  temperature,  magnetic  held,  and 
»’el(Vii>  increase  abruplls  as  the  shivked  gas  is  entered 
The  density  and  vel<viT\  may  or  may  not  continue  to  in- 
■Tease  in  the  post  shivk  region  dejvnding  on  the  details  of 
he  ikloery  ot  energy  from  the  flare  site  to  the  solar  wind 
md  also  on  the  striK  tiires  through  which  the  sh.K'k  propa- 
jated  on  its  way  troni  the  sun  to  the  earth.  For  example,  if 
1  shock  IS  observed  in  the  low  speed  wind  preeeeding  or 
ollowing  a  stream,  the  density  and  velocity  change  al  the 
.hivk  will  be  relatively  large  However,  if  observed  near 
he  ileiisity  peak  or  in  the  high  speed  wind,  a  disturbance 
viih  the  same  initial  conditions  at  the  sun  will  show  a 
clativcly  small  change  in  vcliH-ity.  although  the  change  in 
lensity  may  still  be  considerable  IHirshbcrg  et  al  .  I974|. 
A  discontinuity  between  the  shiKked  ambient  plasma  and 


the  driven  gas  is  shown  in  Figure  3- 19.  but  its  exact  position 
is  often  very  difficult  to  identify  observationally.  A  reverse 
shock  may  form  behind  the  discontinuity. 

The  driver  gas  itself,  which  typically  arrives  at  earth 
about  S-IO  hours  after  the  shock,  is  often  characterized  by 
enhancement  in  the  helium  abundance  that  commonly  ex¬ 
ceeds  15*^  helium  by  number  and  may  reach  more  than 
2(yX:-25^/i  IHirshbcrg  et  al..  I972|.  On  some  vKcasions  the 
helium  enhancement  is  not  seen  or  it  may  be  seen  later  in 
the  event.  In  Figure  .3-19  this  is  interpreted  as  indicating  a 
patchy  distribution  of  helium  enhanced  plasma.  The  number 
of  particles  released  into  interplanetary  space  by  major  flare 
events  is  estimated  to  be  on  the  order  of  IO’‘'-IO^'  particles 
or  lO'-'-IO’*  g.  The  driver  gas  is  often  also  characterized 
by  low  proton  IGosling  ct  al..  I973|  and/or  electron  tem¬ 
peratures  and  bidirectional  streaming  of  electrons.  These 
observations  suggest  that  the  magnetic  Held  can  form  closed 
knips  as  shown  in  Figure  3-19.  Such  Uxips  have  apparently 
been  observed  jBurlaga  et  al..  1981 1.  txaminaflons  of  the 
ionization  states  of  heavy  ions  in  plasma  asstxriatcd  with 
flares  indicate  that  at  least  part  of  the  flaie  ejecta  originates 
in  cortinal  regions  with  temperatures  of  3-4  x  10"  K.  The 
driver  gas  has  been  skiwed  down  on  its  way  fmm  the  sun 
to  the  earth  by  interaction  with  the  ambient  solar  wind.  Thus 
the  observed  velocity  of  the  driven  gas  will  be  less  than  the 
mean  transit  velivity  of  that  gas  fn>m  the  sun  to  the  earth. 
Typical  values  of  the  ratio  of  observed  velocities  to  mean 
transit  vekK-ities  for  a  series  of  major  flare-shiKk  events  is 
about  0.8  IHirshbcrg  ct  al..  1972).  The  interplanetary  mag¬ 
netic  field  during  flare  disturbances  often  reaches  very  high 
values  ( .30  -40  nT  I  in  the  direction  perpendicular  to  the  eclip¬ 
tic  plaiK*.  Since  the  vekK'ity  of  the  driver  and  disturbed  gas 
is  high,  and  if  these  strong  fields  ore  southward,  then  the 
solar  wind  will  interact  stnmgly  with  the  earth’s  magnetic 
field  and  will  drive  impressive  geomagnetic  storms  and  au¬ 
roras  The  storms  reflect  the  structure  of  the  flare  disturb¬ 
ance.  The  classical  storm  begins  with  a  sudden  cvminwncc- 
ment  caused  by  the  abrupt  increase  in  dynamic  pressure  on 
the  magnetopause  that  iveurs  when  tiic  shock  is  crossed. 
The  iniiial  phase  ol  the  storm,  during  which  the  earth's  field 
is  enhanced  but  not  disturbed  is  due  to  the  shocked  region 
flow  when  the  magnetic  tield  in. that  region  is  northward. 
When  and  i'  the  lield  turns  southward  the  mam  phase  of 
the  storm  develops 

3.4  LON(;  TER.M  V  ARIATI()NS 
3.4.1  Solar  t'ycle 

It  was  expected  that  the  interplanetary  medium  varied 
with  the  solar  cycle  even  het'orc  in  siiu  observations  ol  the 
solar  wind  began.  Fluxes  of  particles  from  the  sun  were 
■believed  to  be  the  cause  of  gec.magiietic  activity  and  aurora 
and  it  was  well  established  that  these  phenomena  exhibited 
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lar  cycle  variation.  The  variation  of  the  solar  output 
ig  the  eleven  year  solar  cycle  has  many  manifestations; 
example,  sunspirt  numbers,  major  solar  flares,  and  the 
'  wind  velocity.  Distinctions  should  be  made  between 
olar  cycle  as  expressed  in  each  of  the  various  quantities, 
ough  all  solar  cycle  variations  will  have  the  same  period 
may  have  different  phases,  relative  amplitudes,  and 
es.  It  is  common  practice  to  use  the  variations  of  sunspot 
bers  as  the  standard  for  the  solar  cycle  and  to  compare 
.'hanges  in  all  other  quantities  to  the  sunspots.  Here  the 
1  “solar  wind  cycle”  will  be  used  to  denote  the  changes 
le  various  interplanetary  parameters. 

Before  direct  observations  were  begun,  studies  of  gep- 
netic  activity  had  shown  that  the  variations  in  the  in- 
lanetary  medium  were  such  that  minimum  solar  cycle 
Jitions  at  earth's  orbit  occurred  (on  the  average)  about 
•  1 .5  years  after  sunspot  minimum.  Also,  geomagnetic 
ms' characterized  by  sudden  beginnings  v/ere  most  com- 
1  at  sunspot  maximum,  but  storms  tending  to  recur  on 
.•essivc  solar  rotations  were  more  common  about  three 
rs  after  maximuih.  The  sudden  commencements  are  due 
olar  wind  sluKks  which  are  most  common  at  sunspot 
(imum.  Recurrent  storms  are  caused  by  long-lived  rel- 
.  ely  steady  high  speed  streams  in  the  solar  wind  such  as 
»e  tsbserved  in  l%2  and  1973-74.  that  is.  during  the 
se  of  decreasing  sunNp*«  numiiers. 

The  solar  wind  has  now  been  observed  at  lea.st  inter- 
tently  for  almsrst  20  years,  and  solar  cycle  variations  of 
cral  parameters  have  been  established.  Figure  3-20 
ynman.  19X3)  shsiws  the  sanations  of  vime  of  these 
entities:  Figure  3-20a  gives  the  annual  mean  sunspot  num- 
from  1962  to  1978,  Figure  3-2(ib  shows  the  annual  mean 
(K'lty  of  the  solar  wind.  The  first  few  values  are  joined 
a  dashed  line  to  indicate  that  the  data  sample  was  I(h> 
all  to  give  an  accurate  value 

There  is  al'ts  a  solar  cycle  variatior.  in  the  magnitude  of 
inicrplaneiars  field  that  is  most  clearly  seen  in  the  yearly 
an  value  of  the  logarithm  of  iBl  as  shown  in  Figure 
!0c  The  data  exhibit  rclalivcls  low  mean  values,  cw- 
pondmg  to  |Bi  aN>uT  pT,  m  1964,  1965.  1975.  1976 
J  1977,  The  mean  log  Bi  is  remarkably  constant  through- 
t  the  cycle  between  1966  and  1974  corresponding  to  !B| 
>ai  5  8  nT  The  large  rise  to  iBj  about  6  9  n'l  appearing 
the  beginning  of  the  new  sunspot  cycle  shrrws  that  the 
ar  wind  magnetic  field  tan  dilTcr  from  cycle  to  cycle. 
The  yearly  averages  of  the  htnirly  averaged  magnitude 
B.,.<!B,1,).  are  also' compared  to  the  sunspot  number  in 
lure  3-2iid.  Mere  B,  is  defined  in  G.SK  coordinates  and 
;  hourly  average  is  taken  by  including  the  sign  of  B,.  that 
i.'  B,  vtere  of  constant  magnitude  and  negative  for  half 
the  hour  and  positive  for  the  rest.  |B,1  would  be  zero, 
lere  are  two  maxima  in  <!B,j).  one  before  and  one  after 
nspot  maximum  It  is  not  known  if  this  double  maximum 
a  common  form  of  the  <!Bj)  solar  cycle  variation. 

The  variation  in  the  yearly  average  solar  wind  speed  (v> 
)m  1966  to  1978  is  shown  in  Figure  3-20b.  Data  before 


Figure  '-20  l.img  it-mi  vahaiiims  i>f  scIccicJ  ituanlitic's  The  li>p  ,>ancl 
ui  stums  the  annual  mean  sunspnl  numher  TIk  scemui 
panel  ihl  goes  ilu’  annual  mean  velo  i<>  The  third  panel 
icl  slums  the  vearls  aseraged  values  «»t  loganthnis  .»t  luMirh 
tnleiplanetary  magnetic  held  magnitudes  The  niiserved  dis- 
rnhuiMin  id  lunirls  1X11-  is  hig  n<  "mal  The  tnurrh  panel  (di 
stums  the  yearly, ascrage  id  hourly  \alues  o!  the  magnitu<Je 
of  ihc  7  conipmem  ;>•  the  IXIF  Ttn-  hnal  u-i  panel  gives 
the  percentage  ahonjaiv  c  o|  helium  hy  nuinhci  The  arrows 
indicalc  that  only  limits  on  the  values  could  he  delermincsl 
1  Feynman.  I'txt) 


1966  were  sparse  hut  what  information  there  is  indicates 
that  the  mean  vclivity  observed  in  1962.  during  the  declin¬ 
ing  kg  of  solar  cycle  19.  was  high  with  a  velt>city  of  about 
490  km  s  whereas  In  1964  and  1965  it  was  ruyar  -fOO  km  s 
The  distinction  between  the  shape  of  the  sunspot  cycle  '’“o- 
alion  ami  the  vd.ir  wind  cycle  vanalion  is  clearly  shown  by 
the  velocity  Here  the  highest  yearly  average  velivities  are 
observed  dunng  years  dominated  by  recurring  high  speed 
solar  wind  streams.  Thai  this  is  nonetheless  a  solar  cycle 
variatiern  is  shown  by  the  fact  that  the  declining  phase  c'f 
each  sunspot  number  cycle  exhibits  such  a  senes  of  recurrent 
geomagnetic  stomis 

The  averaged  helium  abundance  in  Figure  5-20e  shows 
a  solar  cycle  variation  much  niirre  like  that  of  the  sunspot 
number.  The  abundance  near  sunspot  mimnuim  in  1962  -65 
and  1976  is  just  above  3', 4  ,  whereas  5'/(  was  the  abundance 
typical  of  sunspot  maximum  eonditiiyns. 
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CHAPTER  3 

3.4.2  Secular  Variations 


Little  inl'omiation  exist>  on  the  variation  of  the  solar 
wind  for  time  scales  longer  than  a  solar  cycle.  In  Figure 
3-20c  it  appears  that  the  interplanetary  magnetic  Held  in¬ 
tensity  in  Id?')  near  the  niaxinuim  of  the  current  solar  cycle 
was  larger  than  at  any  time  in  the  past,  bm  Figure  3-2(lh 
shows  that  the  veliK'ity  was  quite  close  to  values  typical  of 
the  preceding  maximum.  It  has  also  been  inferred  from 
geomagnetic  records  that  the  solar  w  ind  was  in  some  sense 
.veaker  during  the  early  years  of  this  century  than  it  has 
been  recently  |I-eynman  and  Crooker.  1978],  and  from  au- 
mral  mcords  that  it  w  as  also  weak  in  the  early  years  of  the 
19th  century  (Feynman  and  Silverman.  1980|.  The  lack  of 
aurora  during  the  Maunder  minimum  in  the  17th  century 
again  indicates  a  weak  wind  (Suess.  19791.  A  revaluation 
of  the  auroral  record  from  4.^0  AO  to  1 4.^(1  AO  convincingly 
shows  a  periodicity  in  (Kcurrence  frequency  with  an  average 
periixl  of  afn..;*  87  years  |Sisc(K‘.  198(1)  which  almost  cer¬ 
tainly  reflects  a  solar  wind  variati<tn. 

3.5  THE  CLOSE  NEIGHBORHOOD 
OF  THE  EARTH 

3.5.1  Magnetosheath 

As  the  magnetized  solar  wind  Hows  past  the  earth,  the 
plasma  interacts  with  the  earth's  magnetic  field  and  confines 
the  field  to  a  cavity  ,  the  magnetosphere.  Sirce  the  proton 
flow  of  the  solar  wind  is  almost  always  highly  supersonic 
and  super-Alfvenic.  a  shivk.  c.;lled  the  bow  sh's-k,  forms 
sunward  of  the  magnetospheric  cavity.  The  configuration  is 
shown  schematically  in  Figure  .S  of  Chapter  8.  The  solar 
w  ind  flow  s  across  the  bow  shtKk  in  front  of  the  earth  w  here 
it  is  slowed  to  subsonic  veliKities.  It  is  deflected  by  the 
obstacle  presented  by  the  earth’s  field  at  the  boundary  des¬ 
ignated  as  the  magnetopause  in  Figure  8-.*'.  The  w  ind  then 
flows  generally  antisunward  down  the  flanks  of  the  mag¬ 
netosphere  carry  ing  the  interplanetary  field  with  it.  A  typical 
distance  between  the  earth’s  center  and  the  subsolar  p«iint 
on  the  magnetopause  (the  boundary  between  the  st)lar  wind 
and  the  magnetosphere  I  is  10  earth  radii  (R| ).  The  shock 
is  about  }  R,  siinw  ard  of  the  magnetopause  at  the  subsolar 
point.  The  region  between  the  shock  surface  and  the  surface 
o!  the  magnetosphere  is  called  the  magnetosheath. 

The  pri'blem  of  calculating  the  lli'w  of  the  solar  wind 
plasma  past  the  earth  using  the  full  plasma  equations  is 
ptidiibitnely  difficult.  Hven  ir.  the  magnetohydrodynamic 
approximation,  the  problem  has  not  K'on  treated  in  general. 
The  high. conductivity  of  the  solar  w  ind  and  the  large  kinetic 
energy  density  of  the  particles  permits  the  .ipproximation  to 
be  made  that  the  magnetic  field  configuration  can  be  treated 
as  thiHigh  the  field  is  frozen  inti>  the  flow  .  Although  the 
solar  wind  proton  mean  free  path  for  Coulomb  collision  is 


typically  1  AU  at  earth's  orbit,  the  plasma  acts  as  a  Huid 
on  a  much  smaller  spatial  scale,  ficcausc  plasma  instabilities 
and  wave  p*rticlc  interactions  produce  a  small  equivalent 
mean  free  path.  For  many  applications  it  is  good  approxi¬ 
mation  to  treat  the  solar  wind  as  a  magnetohydnxlynamic 
fluid  interacting  with  the  earth’s  field.  For  a  full  discussion 
of  the  interaction  of  the  wind  and  the  magnetosphere  the 
poK'ess  of  magnetic  reconnection  or  merging  is  important; 
however,  its  major  effect  is  to  feed  energy  into  the  mag¬ 
netosphere  rather  than  to  affect  the  flow  around  the  mag¬ 
netosphere  and  so  it  is  beyond  the  scope  of  this  chapter. 
See  Chapter  8.  A  further  simplification  is  usually  made  in 
the  calculations  by  assuming  the  Alfvcn  Mach  number  of 
the  solar  wind  flow  is  large.  This  decouples  the  fluid  equa¬ 
tions  from  the  magnetic  equations  so  that  the  properties  of 
the  flow  can  be  determined  by  solving  the  gas  dynamic 
equations,  and  subsequently  the  magnetic  field  can  be  found 
from  the  flow. 

The  shape  of  the  fitrward  part  of  H  e  magnetosphere  is 
calculated  by  neglecting  the  magnetic  field  pressure  in  the 
.solar  wind  outside  the  magnetosphere  boundary  and  the 
particle  pressure  inside  the  boundary.  The  remaining  pres¬ 
sures  arc  then  set  equal  on  the  two  sides,  that  is.  the  dynamic 
pressure  of  the  solar  wind  flow  outside  is  balanced  by  the 
magnetic  field  pressure  inside. 

The  flow  around  the  magnetosphere  can  then  be  cal¬ 
culated.  To  simplify  the  calculations  further  the  magneto¬ 
sphere  is  often  approximated  as  an  axisymmctric  body  formed 
by  the  rotation  of  the  equatorial  trace  of  the  magnetosphere 
birundary  around  the  earth  sun  line.  The  resultant  flow  is 
quite  sensitive  to  the  ratio  of  specific  heats  y.  Observations 
favor  a  y  of  51?'  (Auer.  1974)  and  this  value  was  used  in 
the  nnxiel  calculations  discussed  here. 

The  model  flow  in  the  high  Mach  number  approximation 
is  illustrated  by  Figure  3^21  (Spreiter  and  Alksne.  1969). 
In  Figure  3-2 1  a.  the  lines  of  constant  ratio  of  magnetosheath 
densi.y  to  solar  wind  density  are  shown.  The  sheath  density 
is  high  in  the  forward  pail  of  the  magnetosphere  reaching 
a  maximum  in  the  subsolar  region.  As  the  plasma  flows 
back  toward  the  magnetospheric  flanks,  if  becomes  less 
dense  and  values  less  than  one  begin  to  appear  near  the 
magnetopause  at  about  7  Rj  behind  the  earth.  Figure  3-2 lb 
shows  both  line.>  of  equal  velocity  ratio  and  temperature 
ratio.  .Sinee  the  fluid  approximation  is  used,  the  temperatures 
of  the  electrons  ;ind  protons  are  assumed  to  be  the  same, 
and  for  eomparison  w  ith  observation  they  are  assumed  equal 
to'the  measured  proton  temperatures.  The  numbers  labeling 
the  lines  and  w  ritten  on  the  magnetopause  side  of  the  mag¬ 
netosheath  arc  the  temperature  ratios,  and  the  numbers  on 
the  how  sh'ick  side  are  the  veloeitv  ratios.  The  stagnation 
point  is  labeled  at  zero  vekKity.  which  of  course  is  un¬ 
realistic  as  far  as  expectations  of  observations  are  concerned. 
However,  slowing  and  heating  of  the  plasma  in  the  subsolar 
stagnation  region  is  observed.  As  the  plasma  moves  back 
along  the  flanks  it  begins  to  cool  and  increase  in  speed 
Figure  3-2  Ic  show  s  the  stream  lines  of  the  flow . 
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Figure  3-21 


Flow  in  the  magnetoshealh  in  the  gas  dynamic  apy'iwimalion  for  the  high  Mach  number  case  (M  -  8)  tal^ivcs  the  density  and  (b)  the 
temperature  and  velocitv  contours  The  subscript  ^  denotes  quantities  in  the  undisturbed  wind  at  ■  inhnity  The  non-subsenpted  quantities 
are  the  parameters  within  the  magnctosheaih.  Lines  of  constant  ratio  of  magnelosheath  in  undisturbed  quantities  are  given.  The  shape  ot  the 
contours  for  vcliKitv  and  temperature  are  the  same  but  the  ratios  differ  as  marked.  The  jump  relation  lor  the  temperature  is  given  in  (bf  In 
ic)  the  velocity  contours  are  given  aeain.  along  wilh  Ih-  stream  lines  The  formula  al  the  bottom  of  (c)  gives  the  jump  relations  across  a 
shock  of  arbitrary  anele  with  the  incident  flow.  Subscript  I  indicates  values  just  behind  the  shtKk.  The  abwissas  are  normalized  so  the 
disiance  from  the  center  of  the  earth  to  the  suhsolar  point  on  the  magnelopause  is  taken  as  one  ISpreiter  and  .  .Iksne.  Spreitcr  et  al.. 
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The  magnetic  held  configuratunt  is  computed  in  this 
approximation  by  assuming  the  Held  is  carried  by  the  flow. 
The  results  are  shown  in  Figure  3-22  |Alksnc  and  Webster. 
IQ'^U*.  The  incident  Held  has  been  broken  up  into  three 
onhcgonal  components  with  directions  as  shown  on  the 
figure.  .\n  arbitrary  incident  magnetic  field  will  be  described 
by  an  apixopriate  superptrsititw  of  the  three  cases.  The  stream 
lines  are  given  by  the  solid  lines  and  the  lines  of  equal 
magnetic  f'cld  ratio  ate  given  by  the  dashed  lines.  The, 
magnetic  fie>d  lines  become  draped  over  the  magnetosphere 
and  tend  to  be  aligned  with  the  magnetopause  direction. 

Calculated  values  of  magnetosheath  electric  fields  are 
shown  in  Figure  3-23  lAlksnc  and  Webster,  I970|  but  these 
have  not  been  measured.  Since  there  is  no  electric  field 
asscKiated  with  field  aligned  flow,  electric  fields  for  only 
two  orthogonal  magnetic  held  directions  are  shown,  and  the 
elecfic  field  due  to  an  arbitrary  magnetic  field  can  be  found 
by  combining  the  two  cases  shown. 

Measurements  of  the  shape  of  the  niagnetospherc  show 
some  asymmetry  that  is  not  present  in  the  results  calculated 
from  the  high  Mach  number  approximation.  This  asymmetry 
probably  arises  because  of  the  the  asymtnelric  magnetic  field 
in  the  magnetosheath  and  the  coupling  between  the  fluid 
flow  and  the  magnetic  field.  All  of  these  effects  will  lead 
to  magnetosheath  pressure  asymmetries  which  will  distort 
the  magnct./sphere  to  some  extent.  In  addition,  the  orien¬ 
tation  of  the  earth's  magnetic  dipole  relative  to  the  direction 
of  incidence  of  the  solar  wind  must  be  taken  into  account. 
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The  ob.served  flow  and  averages  of  the  magnetic  fields 
in  the  magnetosheath  agree  satisfactorily  with  the  magne- 
tohydrodynamic  miKlels.  The  magnetosheath  magnetic  field 
is  typically  very  disturbed  but  the  vectors  tend  to  be  aligned 
wjith  the  magnetopause  as  shown  in  Figure  3-24a  {Fairfield. 
I967|.  The  average  relative  magnitudes  of  the  magneto¬ 
sheath  field  for  10  R|  intervals  along  the  earth-sun  line  are 
shown  in  Figure  .i-24b  {Behantion  and  Fairfield.  I%9|.  The 
ratio  of  the  magnitude  of  the  magnetosheath  field  to  the 
magnitude  of  the  interplanetary  field  varies  fmm  4  near  the 
most  sunward  portion  of  the  bow  shock  to  less  than  I  far 
down  the  flanks. 

The  variability  of  the  magnetosheath  fields  is  reflected 
in  the  power  spectra  as  shown  in  Figure  3-25  {Fairfield, 
I976{.  The  low  frequency  pttwer  levels  of  the  variations  of 
the  field  magnitudes  differ  by  four  orders  of  magnitude 
depending  on  the  day.  The  September  and  November  l%7 
spectra  are  probably  the  most  representative.  Spectral  peaks 
near  0.05  Hz  and  0.07  Hz  are  typical  but  the  exact  frequency 
and  relative  magnitude  are  variable.  The  31  July  spectrum 
was  taken  on  a  day  when  the  solar  wind  Mach  number  was 
low.  At  these  times  the  power  in  magnetosheath  variations 
is  also  quite  low.  The  dashed  lines  with  slopes  of  l/f  and 
l/f'  are  shown  for  comparison.  The  spectra  typically  steepen 
at  frequencies  above  the  proton  gyrofrequency.  At  frequen¬ 
cies  between  3.3  x  10  ^  and  2.6  X  10  '  Hz,  which  are 
lower  than  those  shown  in  the  figure,  the  average  slope  is 
slightly  steeper  than  l/f.  There  is  a  tendency  for  the  per- 
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turbation  vector  to  align  itself  with  the  shock  surface  ior 
variations  observed  near  the  shock  surface.  In  the  inner 
portion  of  the  magnetosheath.  large  amplitude  waves  oc¬ 
curring  primarily  in  the  field  magnitude  are  observed.  Ro¬ 
tational  wave  modes  have  been  found  to  dominate  over 
magnetoacoustic  modes  for  wave  periixls  greater  than  10 
minutes.  There  also  appear  to  be  plasma  clouds  with  scales 
of  .several  hundred  to  several  thousand  kilometers  asstKiated 
with  weak  fields  that  deviate  from  a  direction  tangent  to  the 
magnetopause.  In  addition  to  broad  noise  with  a  l/f'  spectral 
shape  there  are  often  sporadic  occurences  of  quasi-mono- 
chmmatic  bursts  throughout  the  magnetosheath.  These  waves 
have  a  frequency  of  50-2(K)  Hz,  durations  of  less  than  one 
to  tens  of  seconds  and  amplitudes  of  tenths  of  nanoteslas. 

Several  sources  have  been  suggested  for  magnetosheath 
'  field  fluctuations.  The  waves  and  discontinuities  in  the  stdar 
wind  are  sources  of  some  of  the  variability,  as  is  the  con¬ 
vection  into  the  magnetosheath  of  waves  produced  at  the 
bow  shrKk  or  in  the  region  of  space  just  upstream  from  the 
bow  sh<Kk.  Waves  incident  on  the  bow  shwk  will  be  trans¬ 
mitted  across  it  and  amplified  and  new  waves  of  various 
types  will  be  prtxluced  in  the  priKess.  The  details  concerning 
the  types  of  waves  produced  depend  on  the  properties  of 
the  incident  wave.  The  power  in  the  variations  and  com¬ 
plexity  of  observed  forms  will  be  markedly  increased  by 
transmission.  Interplanetary  discontinuities  will  contribute 
to  magnetosheath  variability  but  they  are  not  frequent  enough 
in  the  solar  wind  to  explain  a  significant  portion  of  mag¬ 
netosheath  power.  PrtKesses  taking  place  at  the  magneto- 
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pause  or  within  the  magnetosheath  also  contribute  to  ob¬ 
served  waves  in  the  magnetosheath. 

3.5.2  Bow  Shock 

The  flow  of  the  solar  wind  past  the  earth  is  usually  but 
not  always  highly  supci .sonic  and  superalfvenic  as  far  as  the 
protons  are  concerned.  However,  both  theory  and  obser¬ 
vations  imply  that  the  treatment  of  the  bow  sh(Kk  as  if  it 
were  a  -hydriHlynaniic  di.scdntinuity  is  a  gross  oversimpli¬ 
fication.  Since  the  solar  wind  at  earth  is  collisionless  on  a 
.scale  much  larger  than  the  magnetosphere,  plasma  prop¬ 
erties  arc  responsible  for  producing  the  bow  shock  discon¬ 
tinuity.  which  is  a  collisionless  shock.  The  types  of  plasma 
phenomena  involved  will  depend  on  the  Mach  number  of 
the  flow,  the  ratio  1^)  of  the  internal  energy  of  the  particles 
to  the  energy  in  the  niagnetic  field,  and  the  direction  of  the 
magnetic  field  relative  to  the  shock  surface.  Figure  3-26 
(Greenstadt  et  al..  I9K0|  shows  a  conceptualization  of  col¬ 
lisionless  shiKk  phenomena  at  the  earth's  bow  shock.  The 
magnetic  field  is  visualized  as  making  an  angle  of  about  45° 
with  the  solar  wind,  which  is  flowing  from  the  direction  of 


Figure  .-V  sehemutu'  of  the  earth’s  shtvk  showing  the  quasi 

perpi-mheular  and  quasiparallel  a-gions.  Peipendieuhu  shirks 
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plasma  elleets  I Ga-enstadt  et  al..  IVWI:  Gary.  l‘)8;| 
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the  sun.  that  is.  the  sun  is  beyond  the  lower  right  hand 
quadrant.  Four  regions  of  the  shvK'k  surface  are  distin¬ 
guished.  the  two  extremes  (strictly  perpendicular  and  strictly 
parallel  shiKks'  'and  the  two  intemiediate  regions  (quasi¬ 
perpendicular  and  quasi-parallel  sh(Kks).  A  shiKk  is  called 
panllel  when  the  upstream  magnetic  field  is  perpendicular 
to  the  plane  of  the  shtv'k  and  parallel  to  the  upstream  flow 
veUx'ity.  Conversely,  perpendicular  shocks  have  normals 
perpendicular  to  the  Jimetion  of  the  magnetic  field  in  the 
M'lar  wind.  The  major  part  of  the  bow  shiKk  region  has 
been  divided  into  quasi-parallel  and  quasi-perpendicular  re¬ 
gions  based  on  empirical  lesults.  Quasi-perpendicular  shixks 
have  a  monotonic,  sawtcxith.  or  wave-step  magnetic  profile 
and  are  sharply  defined  in  space.  Quasi-parallel  shtKks  ate 
thicker  and  do  not  show  a  clearly  definable  b*)undary  be¬ 
tween  upstream  and  downstream  parameters,  either  in  the 
field  or  particle  properties. 

Figure  .^-27  IGreenstadt  and  Fredericks.  I979|  is  a  sche¬ 
matic  of  a  cut  in  the  plane  containing  the  interplanetary 
field,  showing  the  waves  that  appear  in  the  parallel  and 
quasi-parallel  region  in  the  vicinity  of  the  classical  position 
of  the  bow  shiKk.  The  shcKked  magnetosheath.  plasma  takes 
aNiut  5  min  to  flow  anrund  the  forward  part  of  the  mag¬ 


netosheath  so  when  par.imeters  are  averaged  oyer  periods 
of  more  than  .S  min  the  shiKk  should  arrive  at  the  shape 
given  by  steady  state  magnetohydnxlynamic  theory.  The 
instantaneous  shock  is  not  in  equilibrium.  Figures  .7-26  and 
.^-27  show  schematically  the  waves  in  the  vicinity  of  the 
brmndary  that  propagate  buck  into  the  solar  wind  and  into 
the  magnetosheath.  The  properties  ot  both  the  quasi-per¬ 
pendicular  shiK'k  and  the  quasi-parallel  shtxrk  depend  on  the 
range  of  p  and  M .  where  M  is  the  Mach  number  of  the 
floiking  gas.  Since  the  fast  wave  nunle  is  the  MHD  wave 
that  steepens  into  a  shiKk.  the  Mach  number  for  a  perpen¬ 
dicular  shcKk  is  given  by  M  =  V/'(,Cx  +  Cs)'  *  where  Ca 
and  Cs  are  the  Alfvcn  and  sound  wave  velocities.  In  Table 
.V2  IGreenstadt  and  Fredeficks.  1979]  the  characteristics  of 
shtx'k  phenomena  are  given  for  various  combinations  of  |3 
and  M.  A  value  of  P  =  1  is  the  dividing  line  for  the  regimes 
of  p  parameter  space  and  M  =  3  is  the  dividing  level  for 
the  Mach  number.  An  estimate  of  the  inei'^ence  of  the  spe¬ 
cific  ranges  of  p  and  M  the  solar  wind  can  be  found  from 
Table  3-1.  In  the  solar  wind  P  varies  from  0.5  to  4.6.  and 
the  ranges  of  sonic  and  Alfvenic  Mach  numbers  are  from 
4  or  5  to  over  10.  However,  solar  winds  with  Alfven  num¬ 
bers  less  than  1  have  been  observed  on  occasion. 
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Table  }'2.  Macn»M.H>|>ic  features  of  the  Nm  shtKk  by  parameter  class 


Parameter 

Plasma 

Name  of 

Quasi-perpendicular 

Quasi-parallel 

Values 

Conditions 

Structure 

Features 

Features 

Cold  plasma. 

l.aminar 

Clean  lield  Jump,  sometimes  with  damped 

MultigradienI  field  transition  with  ' 

M  s  3 

low  Mach 

periodic  waves,  no  turbulence. 

embedded,  nearly-periixlic 

number , 

wavetrains. 

Relatively  little  proton  temperature  jump 

Upstream  waves  with  strong 

(iTpyrpi)  =  2  ,  maxwcllian  downstream 

pcriiHlic  component,  tens  of 

distribution. 

seconds  (leriod.  unknown  plasma 
distributions. 

3<  1. 

Cool  plasma. 

Quasi- 

Clean  held  jump,  downstream,  nearly- 

Multigradient  field  transition  at 

W  a  3 

high  Mach 

laminar 

periodic  waves,  little  turbulence. 

least  2  Ri  thick,  with  large 

number 

Appreciable  proton  temperature  jump. 

amplitude  pulses;  extensive 

bimtxial  distribution,  nonmaxwellian  high 

foreshiK'k.  Little  change  in  solar 

energy  tail  downstream. 

wind  stream. .ig  velocity;  some 
heating  with  resulting  non- 
maxwcllian  proton  distributions 
differing  from  either  solar  wind  or 
magnetosheath  forms. 

p-  1. 

Warm  plasma. 

Quasi- 

Clean  field  jump,  small  scale  turbulence. 

No  known  example. 

W  s  3 

low  Mach 

turbulent 

Little  proton  temperature  rise,  maxwellian 

number 

downstream  distribution. 

p  =  1 

Warm  plasma. 

Turbulent 

Irregular  field  fluctuations  obscuring 

Multigradient,  irregular  field 

Af  2  3 

high  Mach 

definite  average  field  jump. 

transition  with  large  magnitude 

number 

Bimodal  or  multimodal  proton  distributions. 

excursions,  upstream  waves. 

nonmaxwellian  downstream. 

Unknown  plasma  distributions,  but 
maxwellian  deep  in  magnetosheath. 

p  S*  1 

Hot.  high 

High-beta 

Irregular  field  fluctuations  of  extremely 

M  >  3 

vekK'ity 

high  peak  magnitude,  fkissibly  lowering  (1 

plasma 

kK'ally. 

Extensive  precursor  region  w'th  appreciable 
effect  on  approaching  flow;  proton 
distributions  unknown. 

(From  OrcenstaUi  and  Fredricks.) I d74|) 


3.5.3  Lpstream  Waves  and  Particles 

The  solar  wind-macnelosphcre  interaction  generates 
substantial  numbers  of  energetic  particles  with  a  high  enough 
speed  so  that  they  can  propagate  back  upstream  guided  by 
the  ambient  intcrplanctaiw  field.  The  upstream  particle  re¬ 
gion  has  a  strong  UK'al  time  asymmetry  with  the  major  effect 
occurring  usually  (>n  the  dawnside  on  held  lines  connected 
to  the  quasi-parallel  shiKk.  This  region  of  space  upstream 
of  the  btiw  shiKk  is  sometimes  called  the  forcshiK-k  and  is 
charicrerized  by  many  different  types  of  panicle  distribu¬ 
tions  and  wave  modes.  The  energy  flux  of  particles  into  the 
iqrstream  region  is  found  to  be  l()'’-l()'’‘  ergs,  which  is 
comparable, to  the  peak  energy  released  in  a  geomagnetic 
sobstorm.  The  presence  of  energetic  heavy  ions  indicates 
that  strong  lival  acceleration  is  iKcumng.  Observations  .tf 
^asma  waves,  particles,  and  fields  in  the  region  has  led  to 
a  partial  understanding  of  some  of  the  iniei.'clatii'nships 
anHing  the  phenomena  |Tsurutani  and  Rodriguez,  1981 1. 


The  upstream  energetic  particle  population  has  been  di¬ 
vided  into  several  types  based  on  their  observed  velrKity 
and  pha'«  distributions.  Reflected  ions  are  characterized  by 
a  beamlike  distribution  of  solar  wind  ions  that  apparently 
have  been  reflected  and  energized  at  the  bow  shock.  They 
have  a  streaming  veliK  ity  2  or times  the  solar  wind  veliK'ity 
and'a  density  of  about  0. 1'cm'., Their  kinetic  energy  dis 
'ribution  typically'  maximizes  at  about  5  keV  and  has  spread 
of  1-30  kcV.  They  arc  detected  on  interplanetary  held  lines 
that  connect  to  the  bow  shock  and  are  nearly  tangent  to  the 
shiK'k  surface.  The  sunward  boundary  of  the  region  in  which 
these  particles  are  observed  is  delined  by  the  field-aligned 
flow  back  into  the  solar  wind  plus  F.  x  B  convection,  w  here 
F  is  the  Solar  wind  electric  field. 

In  addition  to  these  beam-like  ions  there  is  a  popula-, 
tion  of  diffuse  ions  that  has  a  nearly  isotropic  vekK'ity  dis¬ 
tribution  with  a  typical  temperature  of  4  x  10^  K.  an  up¬ 
stream  flow  speed  of  0,8  !. 2  time'  the  solar  wind  velocity 
and  a  density  that  varies  between  0.02  and  0.8'cm'.  The 
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energy  density  of  the  diffuse  ions  is  -comparable  to  that 
of  the  reflected  ions.  These  particles  are  found  downstream 
(antisunward)  of  the  reflected  ions,  almost  filling  the  entire 
foreshpek  region.  An  excellent  correlation  exists  between 
diffuse  ions  and  low  frequency  (0.01-1  Hz)  MHD  apd 
ion-acoustic-like  plasma  waves.  Recent  observations  indi¬ 
cate  that  the  transition  from  distributions  typical  of  reflected 
ions  to  that  of  diffuse  ions  is  a  smooth  one  and  there  are 
ions  with  intermediate  properties  in  a  region  of  space  be¬ 
tween  the  reflected  and  diffuse  ion  region. 

Upstream  electrons  have  energies  of  0.5  to  100  keV  and 
stream  in  a  field  aligned  direction.  The  majority  of  events 
involve  1-2  keV  particles  with  a  peak  flux  of  10'*cm ’s  'sr 
keV  ' .  They  appear  on  interplanetary  field  lines  newly  con¬ 
nected  to  the  bow  sh(Kk  and  because  of  their  high  velocities 
can  be  found  upstream  of  the  ion  foreshtKk  betundary. 

The  region  upstream  from  the  earth's  br>w  shcKk  is  also 
characterized  by  complex  wave  phenomena.  There  are  MHD 
waves  with  an  amplitude  of  5  nT  peak  to  valley  and  period 
of  10-60  s.  which  have  a  left-hand  polarization  in  the  space¬ 
craft  frame.  The  particles  involved  in  the  wave  show  a  ± 
15  km/s  solar  wind  vekKity  variation  as  well  as  correlated 
density  fluctuations  indicating  a  magnetosonic  component. 
There  is  a  strong  assrKiation  between  these  waves  and  dif¬ 
fuse  ions.  Wave  packets  of  whistler  mtxle  waves  having 
intensities  «  I  nT  and  typically  composed  of  2  or  3  coherent 
cycles  are  observed.  Long  trains  of  more  than  20  cycles 
have  been  seen  on  tKcasion.  The  emissions,  though  left 
hand  polarized  in  the  spacecraft  frame  have  been  shown  to 


be  Doppler-shifted  right-hand  emissions  being  convected 
back  over  the  spacecraft.  They  propagate  at  small  (~  25°) 
angles  to  the  magnetic  field.  The  rest-frame  frequencies  have 
been  deduced  to  be  0.1-40  times  the  proton  gyrofrequency. 
Tl’.ey  are  related  to  the  MHD  waves  and  are  detected  during 
diffuse  ion  events.  Whistler  mode  waves  with  frequencies 
10-2(X)  Hz  arc  observed  upstream  of  the  bow  shock.  These 
emissions  have  a  peak  amplitude  of  0  I  nT  and  occur  at 
abtiut  1/4  to  1/2  the  electron  gyrofrequency.  It  is  believed 
that  the  most  intense  waves  are  associated  with  low-energy 
electron  spikes  coincident  with  intense  diffuse  ion  fluxes. 

Other  waves  that  have  been  observed  include  small  am¬ 
plitude  electrostatic  waves  in  the  100  Hz- 10  kHz  range 
polarized  primarily  parallel  to  the  ambient  magnetic  field. 
They  have  short  wave  lengths.  30  <  X  <  215  m.  and  a  low 
relative  energy  density.  Broadband  impulsive  electrostatic 
emissions  with  amplitudes  proportional  to  f  -  for  frequencies 
less  than  3  kHz  are  observed  to  almost  always  accompany 
electron  plasma  oscillations.  The  electron  plasma  oscilla¬ 
tions  themselves  have  intensities  up  to  10  mV  with  wave¬ 
lengths  of  400-780  m  and  frequencies  of  20-30  kHz.  They 
are  detected  th’-oughout  the  foreshock  region  and  are  driven 
by  0.2  to  1.5  keV  electrons  at  the  boundary  of  the  electron 
foreshock.  Low  intensity  electromagnetic  emissions  at  twice 
the  electnm  plasma  frequency  having  a  narrow  b; .  •*  width 
are  detected  upstream  of  the  bow  shock  to  distan  es  of  at 
least  240  Ri,.  The  emission  frequency  is  correlated  with 
solar  wind  plasma  density  variations. 
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Chapter  4 

THE  GEOMAGNETIC  FIELD 

D.J.  Knecht  and  B.M.  Shuman 


The  existence  of  the  geomagnetic  field  has  been  rec¬ 
ognized  for  a  very  long  time.  The  usefulness  of  a  magnet 
as  a  directional  reference  was  probably  known  in  China 
morrthan  1000  years  ago  and  in  Europe  at  least  800  years 
ago.  As  early  as  the  ISth  century,  the  earlier  belief  that  a 
compass  needle  points  true  north  was  found  to  be  incorrect 
and  mariners  and  mapmakers  took  account  of  this.  Recorded 
measurements  of  the  magnetic  declination  (the  deviation  of 
the  compass  from  true  north)  at  various  locations  on  the 
earth  date  back  to  the  early  16th  century,  which  also  saw 
thediscovery  of  the  magnetic  dip  (the  deviation  of  a  compass 
needle  from  horizontal  when  unconstrained).  Although  ex¬ 
periments  with  magnets  had  been  carried  out  since  the  1 3th 
century,  the  concept  that  the  earth  itself  is  a  magnet  was 
not  advanced  until  the  end  of  the  .16th  century  by  Gilbert. 

From  these  beginnings,  geomagnetism  as  a  branch  of 
science  was  developed.  It  was  first  assumed  that  the  mag¬ 
netism  of  the  earth  was  like  tnat  of  a  solid  permanent  magnet 
and  was  therefore  expected  to  be  constant  in  the  absence  of 
major  geological  changes,  but  this  view  was  soon  proved 
wrong:  the  secular  variation  (changes  in  the  field  over  time 
imervals  of  years  or  centuries)  was  discovered  in  the  17th 
century.  Transient  variations  of  the  field  (geomagnetic  dis¬ 
turbance)  were  observed  during  the  ISth  century,  and  geo¬ 
magnetism  was  increasingly  appreciated  to  be  a  dynamic 
phenomenon. 

By  the  early  19th  century,  a  large  number  of  magnetic 
observatories  had  been  established  both  in  European  coun¬ 
tries  and  in  the  distant  lands  of  their  empires.  Through 
coordinated  measurements  by  many  stations,  the  geographic 
dependence  of  some  geomagnetic  phenomena  was  discov¬ 
ered  and  the  worldwide  nature  of  major  disturbances  was 
established.  The  increasing  volume  and  precision  of  accu- 
imiiated  data  made  discouragingly  clear  how  complex  were 
the  phenomena  being  studied.  Increasing  international  co¬ 
operation  included  investigations  during  the  first  Intema- 
tioRaf  Polar  Year  ( 1882-1883).  By  this  time,  the  correlation 
between  the  1 1  -year  periodicities  of  sunspot  occurrence  and 
gemnagnetic  phenomena  had  been  .noted.  Early  in  the  20th 
century  the  intimate  connection  between  solar  and  geomag¬ 
netic  phenomena  was  further  established  by  the  correlation 
of  recurrent  disturbances  with  the  27-day  solar  rotation  and 
toerby  the  correlation  of  magnetic  .storrns  with  solar  Rarcs. 


However,  the  most  important  coniiection,  the  fact  that 
the  geomagnetic  field  inte.  ..cts  with  a  continuous  stream  of 
.solar  plasma,  was  established  only  within  the  last  twenty 
years.  As  a  result  of  satellite  investigations,  these  recent 
years  have  seen  diastic  revisions  in  many  fundamental  ideas 
concerning  the  configuration  of  current  systems  and  the 
magnetic  field  above  the  surface  of  the  earth. 

But  while  satellite  measurements  have  expanded  our 
understanding  of  the  space  above  us.  the  development  of 
techniques  for  collecting  and  intepreting  archaeological  and 
geological  data  have  led  to  some  important  discoveries  about 
the  earth  below  us:  namely,  that  the  continents  have  drifted 
thousands  of  miles  from  their  original  locations  and  that  the 
entire  geomagnetic  field  undergoes  periodic  reversals. 

Today,  geomagnetism  encompasses  two  broad  areas  of 
tiieoretical  study  that  are  .served  by  overlapping  experimen¬ 
tal  data  bases:  the  physics  of  the  interior  of  the  earth  (which 
produces  the  steady  and  slowly  varying  field)  and  the  physics 
of  the  magnetosphere  and  ionosphere  (which  produce  the 
dynamic  behavior  of  the  field).  The  material  in  this  chapter 
tends  to  neglect  the  physics  in  favor  of  a  description  of 
geomagnetic  phenomena  and  their  experimental  observa¬ 
tion.  but  this  neglect  is  partly  remedied  in  other  chapters 
on  the  ionosphere  and  magnetosphere. 

4.1  BASIC  CONCEPTS 

4.1.1  Units,  Terminology,  and  Conventions 

The  geomagnetic  field  is  characterized  at  »ny  point  by 
its  direction  and  magnitude,  which  can  be  specified  by  two 
direction  angles  and  the  magnitude,  the  magnitude  of  three 
perpendicular  componetlis.  or  some  other  set  of  three  in¬ 
dependent  parameters.  Angles  are  commonly  measured  in 
degrees,  minutes,  and  seconds.  Prior  to  widespread  adoption 
of  mks  units,  the  magnituHe  was  usually  given  in  units  of 
oersted  (magnetic  intensity)  or  gauss  (magnetic  induction). 
Since  the  field  is  less  than  one  oersted  everywhere,  the  unit 
gamma  was  most  useful:  one  gamma  equals  lO  '  oersted  or 
10“^  gaus:>  and  was  used  interchangeably  for  Intensity  and 
induction.  Since  the  inks  unit  for  field  strength  is  very  large 
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(iw  tesla  =  in'*  gauss),  the  nanoicsia  (nT).  which  very 
conveniently  equals  one  gamma,  is  now  almi*st  universally 
used. 

St>me  of  the  angles  and  components  commonly  em¬ 
ployed  are  shown  in  Figure  -5- 1 .  Standard  terminology  is  as 
follows.  The  vect»>r  geomagnetic  field  is  the  vector  F.  Its 
magnitude  F  is  called  the  total  intensity  or  the  total  held. 


X:  northward  component 
Y:  e-'iStward  component 
Z.  vertical  component 
D:  declination 
I;  inclination 

f-'icure  4*  I .  (Vfinitittn  and  sjiin  ctmvcniitm  !t»r  the  niaenoTM.  cIcitK'nts. 

The  magnitude  H  of  the  horizontal  compiment  vector  H  is 
called  the  horizontal  intensity;  the  magnitude  Z  of  foe  ver¬ 
tical  component  vector  Z  is  called  the  vertical  T.tensity.  The 
nrirthward.  eastward,  and  dow  nward  components  of  the  field 
arc  designated  by  the  magnitudes  X .  Y .  and  Z.  respei  lively, 
the  Cartesian  components  of  the  tiekl.  The  magnitude  I)  of 
the  angle  between  X  and  H  is  called  the  declination,  the 
magnetic  variatii'n.  or  the  variation  of  the  compass.  The 
magnitude  I  of  the  angle  between  H  or  F  is  called  the 
inclination  or  the  dip.  The  quantities  F.  fl.  X.  Y.  Z,  0  a.id 
I  are  called  magnetic  elements.  The  .sets  of  elements  used 
most  commonly  to  specify  the  held  are  (H.  D,  Z);  (F.  I. 
D);  and  (X.  Y.  Z).  The  sign  convention  for  each  parameter 
is  shown  in  the  hgure.  all  vectors  and  angles  being  positive 
as  drawn. 


4.1.2  Coordinate  Systems 

A  number  of  ctwrdinate  sy.stems  are  employed  in  the 
description  of  geomagnetic  phenomena.  Five  of  the  most 
useful  are  the  geographic,  geomagnetic,  geocentric  solar- 
ecliptic.  geocentric  solar-magnetospheric.  and  solar-mag¬ 
netic  systems.  They  arc  shown  in  Figure  4-2  and  are  defined 
as  follows. 

A  geographic  coivrdinatc  system  is  one  that  is  fixed  with 
respect  to  the  rotating  earth  and  aligned  with  the  axis  of 
rotation.  Most  commonly  used  are  the  spherical  polar  co¬ 
ordinates  r.  B.  and  (j>.  where  r  is  geocentric  distance,  B  is 
colatitude  (measured  from  the  north  geographic  pole),  and 


Geographic  Geomagnetic 


Solar-  ecliptic  Solar-magnetospheric 


Solar- rr-agnetic 


Figure  4-2  Several  c»'t»rdinate  systems  used  in  pctmiajinctism 
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<J)  is  east  longitude  I  measured  from  the  Greenwich  merid¬ 
ian).  with  the  earth  assumed  spherical.  Sometimes  altitude 
(above  the  surface  of  the  earth)  is  specified  in  place  of  r. 
north  or  south  latitude  is  specified  in  place  of  ().  and  west 
longitude  is  specified  in  place  of  (h  for  values  greater  than 
ISO  degrees.  (Geodetic  ciHrrdinates.  which  are  defined  rel¬ 
ative  to  the  nonsphericul  earth  ellipsoid,  must  be  used  with 
care.) 

The  geomagnetic  coordinate  system  is  also  a  spherical 
prriar  system  fixed  relative  to  the  earth,  but  the  polar  axis 
is  the  axis  inclined  ll..^  degrees  to  the  axis  of  rotation, 
intersecting  the  earth  surface  at'  the  point  78.5°N.  291. 0°B 
which  defines  the  geomagnetic  north  (lolc.  This  was  at  one 
time  the  axis  of  ihe  best  centered-dipole  approximation  to 
the  field;  current  spherical-harmonic  models  of  the  main 
field  would  place  the  pole  approximately  0.2.*^  degrees  far¬ 
ther  north  and  1.6  degrees  farther  west.  Geomagnetic  co¬ 
ordinates  r.  fl„„  and  6,„  (and  geomagnetic  latitude  and  lon¬ 
gitude)  are  defined  by  analogy  with  geographic  c(Hrrdina»es. 
with  6,„  (or  geomagnetic  longitude)  measured  from  the 
American  half  of  the  great  circle  which  passes  through  both 
the  geographic  and  geomagnetic  p<iles  (that  is.  the  zero- 
degree  geomagnetic  meridian  coincides  with  291.0°E  geo¬ 
graphic  longitude  over  most  of  its  length). 

The  corrected,  geomagnetic  cmirdinate  system,  is  a  re¬ 
finement  (of  the  geomagnetic  cixirdinate  system)  that  has 
proven  useful  iit  considering  phenomena  that  involve  prop¬ 
agation  along  lines  of  force  of  the  geomagnetic  field  |Hak- 
ura.  W).”?!.  It  effectively  pros  ides  a  more  accurate  field-line 
connection  from  a  point  on  'or  near)  the  earth,  surface  'ither 
to  the  equatorial  plane  or  to  its  conjugate  point  than  wtmid 
be  afforded  by  any  simple  dipttic  approximation  of  the  getv 
magnetic  field.  Figure  4-.s  shows  how  the  coirected  geo¬ 
magnetic  cHKirdinates  (latitude  ‘l>..  and  longitude  .\j  are 
obtained  for  a  point  Q.  at  the  earth  surface,  whose  geo¬ 
magnetic  coordinates  arc  <b  .and  A.  Starting  at  Q.  an  "actual'' 
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field  line  (that  is.  one  computed  from  an  accurate  higher- 
order  mtxlel  fitted  to  the  actual  geomagnetic  field,  as  de¬ 
scribed  in  Section  4.6. 1 )  is  traced  out  to  intersect  the  mag¬ 
netic  equatorial  plane  at  the  point  A.  which  has  polar  co¬ 
ordinates  L.  and  y.  F'rom  here  a  simple  dipole  field  line 
is  projected  back  toward  the  earth  to  a  "landing  point"  Q,  . 
The  corrected  C'xirdinates  for  point  Q  arc  the  uneorrected 
c(M)rdinates  of  point  Q.,  (‘K  and  A.,.).  The  value  of  may 
be  found  from  the  dipole  equation.  =  R  sec’  where 
R  is  (he  radius  of  the  earth.  Assigning  the  corrected  coor¬ 
dinates  to  the  p»>int  Q  permits  an  accurate  description  of 
phenomena  in  the  actual  field  as  if  it  were  a  liimple  dipole 
field:  for  example,  points  having  the  same  coordinates  in 
the  northern  and  southern  hemispheres  will  be  actual  con¬ 
jugate  points.  A  revised  tabulation  of  coirected  geomagnetic 
C(x>rdinates.  using  terms  through  order  7  in  the  spherical- 
harmonic  mtxlel.  has  been  published  by  Gustafsson  |I970| 
for  every  5°  of  geographic  longitude  and  every  2°  of  geo¬ 
graphic  latitude. 

The  ge,)centric  solar-ecliptic  (G.SK)  cmrdinate  system 
is  a  right-handed  Cartesian  system  with  c(x>rdinatcs  X.^, 
Y....  and  Z....  and  the  center  of  the  earth  as  origin.  The 
positive  ajis  is  directed  toward  the  sun.  The  Z..^  axis  is 
directed  toward  the  northern  ecliptic  pole,  so  both  the  X., 
and  Y^.  axes  lie  in  the  ecliptic  plane.  This  system  therefore 
rotates  slowly  in  space  with  the  orbital  pcriixl  of  the  earth. 
In  this  system,  field  veettirs  arc  often  resolved  into  two 
components,  one  lying  in  and  the  other  perpendicular  to  the 
ecliptic  plane:  Ihe  direction  of  the  foirncr  is  specified  by  the 
angle  d)  between  it  and  the  X,^.  axis  (positive  eounierelcck- 
wise  when  viewed  from  the  northern  pole).  The  direction 
of  the  total  field  is  specified  by  d)  and  0.  where  0  is  the 
angle  between  the  vector  and  the  ecliptic  plane  (ptisiiive 
northward).  This  system  is  particularly  useful  for  referenc¬ 
ing  data  from  interplanetary  space,  such  as  measurements 
of  the  undisturbed  solar  wind  and  the  interplanetary  mag¬ 
netic  field. 

The  gerx'cmric  soiar  magnelospheric  (G.SM)  cixrrdinate 
system  is  also  a  right-handed  Cartesian  system,  with  co¬ 
ordinates  X.,„.  and  Z.,„.  and  its  oriein  at  the  center  of 
the  earth.  The  positive  X.,„  axis  is  also  directed  toward  Ihe, 
sun.  It  differs  from  the  solar-ecliptic  system  in  that  the  Z.,„ 
axis  lies  in  the  plane  containing  both  the  X..„  axis  and  the 
geomagnetic  dipole  axis  defined  alxrve.  The  system  ihere- 
f«»re  not  only  rotates  with  Ihe  orbital  period  of  the  earth  but 
also  rocks  back  and  forth  through  2.4  degrees  <a  rotation 
about  Ihe  X.,„  axis)  with  a  periiHl  of  one  day  .  This  sy  stem 
is  particularly  useful  for  referencing  data  from  distant  re¬ 
gions  of  the  magnetosphere,  since  time-depcmient  features 
that  result  from  the  conical  motion  of  the  dipole  axis  are. 
to  a  large  extent,  eliminated;  that  is.  to  a  first  approximatii'n. 
Ihe  entire  magnetosphere,  in  its  main  features,  may  be  ex- 
!a  pected  to  rock  back  and  forth  in  this  way. 

.A  related  frame  is  the  solar-magnetic  ('>.x1l  cixirdinate 
system.  In  this  system  the  /  axis  is  directed  to  the  north 
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alor.g  the  gccma'tnctic  dipole  axis,  and  the  Y  axis  is  per¬ 
pendicular  to  the  earth-sun  line  toward  the  dusk  side.  The' 
X  axis  is  not  always  directed  toward  the  sun  in  this  system, 
but  rocks  back  and  forth  through  11..S  degrees  about  the 
earth-sun  line.  This  system  differs  from  the  G.SM  essentially 
by  a  rotation  about  the  Y.,„  axis. 

In  addition  to  strictly  spatial  ciwrdinate  systems,  several 
so-called  magnetic  systems  have  been  found  useful  in  study¬ 
ing  the  motion  of  charged  particles  trapped  in  the  magnetic 
field;  these  coordinates  generally  locale  particles  by  refer¬ 
ence  to  surfaces  on  which  some  magnetic  parameter  is  con¬ 
stant.  and  since  most  particles  are  strongly  controlled  mag¬ 
netically  a  great  simplification  of  the  data  often  results.  Most 


widely  used  is  the  B-L  coordinate  system  of  Mcllwain.  As 
shown  in  Figure  4-4.  surfaces  of  constant  B  (magnetic  field 
intensity)  are  concentric,  roughly  ellipsoidal  shells  encir¬ 
cling  the  earth,  while  surfaces  of  constant  L  (a  magnetic 
parameter)  approximate  the  concentric  shells  generated  by 
dipole  field  lines  rotating  with  the  earth.  The  mathematical 
definition  of  L  arises  from  the  equations  of  motion  of  par¬ 
ticles  in  the  field;  to  some  degree  of  approximation,  particles 
move  to  conserve  three  adiabatic  invariants  to  which  B  and 
L  are  simply  related.  Since  these  coordinates  are  more  useful 
to  the  study  of  trapped  particles  than  to  the  study  of  the 
field  itself,  the  reader  is  referred  to  standard  texts  on  trapped- 
particle  physics  for  a  complete  discussion. 


Fissure  4-4  Tno  B  1.  aH’rdinaie  NVstcin  Tho  curvo>  shown  here  are  ihe  intcrseetion  ofu  maenetie  meridian  plane  with  surlaccs  of  constant  B  and  constant 
L.  (The  difference  between  the  actual  held  and  a  dipole  held  cannot  be  seen  m  a  ti^urc  of  this  scale  ) 
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4.1.3  Sources  of  the  Geomagnetic  Field 

In  considering  u  physical  description  of  the  field,  a  useful 
point  of  view  to  adopt  is  that  of  energy  balance.  A  static 
field  represents  an  energy  density  B’/fiir.  and  any  change 
in  the  field  implies  a  transfer  of  energy  to  or  from  the  field.' 
Understanding  the  field  therefore  implies  identifying  the 
energy  stiunres  and  the  causative  physical  mechanisms  through 
which  this  energy  generates  (or  is  generated  by)  the  field. 
Except  in  the  case  of  permanent  residual  magnetism,  a  mag¬ 
netic  field  is  generated  only  by  the  macroscopic  motion  of 
electric  charge,  so  the  final  'tep  in  any  physical  priKcss 
affecting  the  field  will  involve  electric  currents,  though  the 
energy  driving  the  currents  may  be  drawn  from  various 
souiees.  At  present,  the  terrestrial  and  extraterrestrial  sourees 
known  to  contribute  appreciably  to  the  geomagnetic  field 
are  the  following: 

1.  Core  motion.  Convection  motion  of  the  con¬ 
ducting  fluid  core  of  the  earth  constitutes  a  self¬ 
exciting  dynamo. 

2.  Crustal  magnetization.  Residual  permanent  mag¬ 
netism  exi.sts  in  the  crust  of  the  earth. 

3.  Solar  electromagnetic  radiation.  Atmospheric 
winds  (produced  by  solar  heating)  move  charged 
particles  (produced  by  solar  ionizing  radiation): 
this  constitutes  an  ionospheric  current  which  gen¬ 
erates  a  field. 

4.  Gravitation.  The  gravitational  field  of  the  sun  and 
miHin  produces  a  tidal  motion  of  air  masses  that 
generates  a  field  in  the  same  way  as  does  the  air 
motion  from  solar  heating. 

5.  Solar  corpuscular  radiation  and  interplanetary  field. 

A  number  of  field  contributions  arise  directly  or 
indirectly  from  the  interaction  of  the  solar  wind 
and  its  imbedded  magnetic  field  with  the  main 
field  of  the  earth.  Some  important  effects  are  the 
compression  of  the  main  field  by  external  plasma 
pressure,  the  intrusion  of  solar  plasma  into  the 
main  field,  the  heating  of  plasma  already  within 
the  field,  and  the  merging  of  magnetospheric  and 
interplanetary  fields. 

There  are  a  number  of  other  obvious  possible  sources  that, 
in  fact,  do  not  contribute  appreciably:  examples  are  the 
mantle  of  the  earth  and  energetic  cosmic  rays. 

4.1.4  The  Steady  Interior  Field 

,‘\  geometric-temp«iral  description  of  the  field  is  con¬ 
structed  from  measurements  made  by  observatories  sta¬ 
tions.  ships.  RKkets.  and  satellites,  all  of  \yhich  are  re¬ 
stricted  in  geoiiH'tric  coverage  (geographic  or  spatial  Kvation) 
and  tempsiral  coverage  (time  period  and  frequency  re¬ 
sponse).  Observed  phenomena  lend  to  be  classified  accord¬ 
ingly.  The  traditional  classification  by  frequency  is  very 
useful  and  is  retained  here. 


The  steady  (nonvarying  or  dc)  component  of  the  field 
may  be  considered  first.  Although  it  is  true  that  the  entire 
field  has  been  vary  ing  drastically  over  geological  time  scales, 
that  portion  which  varies  with  periixlicitics  greater  than  abtnit 
a  year  is  customarily  considered  to  be  the  steady  field,  while 
the  remainder  is  considered  the  variation  field. 

Most  of  the  steady  field  arises  from  internal  terrestrial 
sources  (that  is.  below  the  surface  of  the  earth,  but  excluding 
currents  induced  in  the  earth  by  external  current  systems) 
and  is  known  as  the  main  field.  This  field  results  primarily 
from  convective  motion  of  the  core  and  is  approximately 
of  dipole  configuration,  having  a  strength  at  the  surface  of 
the  earth  of  several  .times  KT*  nT.  The  dipole  is  centered 
close  to  the  center  of  the  earth,  with  its  axis  inclined  about 
1 1 .5  degree.',  to  the  axis  of  rotation.  About  lOC/f  of  the  main 
field,  often  tcitned  the  residual  field,  is  nondipolar:  it  con¬ 
sists  of  both  large-scale  anomalies  (up  to  thousands  of  kil¬ 
ometers).  believed  to  be  generated  by  eddy  currents  in  the 
fluid  core,  and  small-scale  irregularities  (down  to  10  km) 
arising  from  residual  magnetism  in  the  crust.  Changes  in 
the  main  field  (the  so-called  secular  variation)  are  slow, 
with  time  constants  of  tens  to  thousands  of  years. 

If  the  earth  were  in  a  perfect  vacuum,  its  diprrie  field 
would  extend  outward  without  limit,  merging  smixrthly  with 
the  fields  of  the  sun  and  other  planets  in  a  simple  additive 
fashion,  the  field  strength  declining  inversely  with  the  third 
power  of  getx'entric  distance.  However,  interplanetary  space 
is  not  a  vacuum  but  is  filled  with  the  ionized  corona  of  the 
sun  (the  s.'lur  wind),  which  flows  continuously  outward  past 
the  planets.  On  a  quiet  day.  near  the  earth,  this  plasma 
typically  has  a  density  of  a  few  ions/cm'  and  a  velocity  of 
ab«)Ut  4(X)  km/s.  An  important  feature  of  the  plasma  is  its 
high  electrical  conductivity.  One  result  of  applicable  theory 
is  that  the  magnetic  field  will  be  “frozen  into" :  uch  a  plasma: 
that  is.  the  ions,  electrons,  and  magnetic  field  will  move 
together  as  a  cr>mpressible  fluid  medium.  When  such  a  mov¬ 
ing  fluid  encounters  a  stationary  entity  with  which  it  can 
interact,  such  us  the  geomagnetic  field,  one  or  the  other  will 
be  deflected^  swept  away,  or  otherwise  mtxlified  by  the 
collision.  The  total  pressure  of  the  solar  wind  is  the  sum  of 
the  pressure  exerted  by  the  momentum  of  the  particles  and 
the  Maxwell  pressure  B-  'Sir  of  the  frozen-in  field.  The  geo¬ 
magnetic  field  also  contains  highly  conductive  plasma,  and 
this  medium  similarly  sustains  a  pressure  equal  to  the  sum 
of  the  ambient-plasma  and  Maxwell  pressures.  When  the 
pressures  of  the  interplanetary  medium  and  the  geomagnetic 
field  are  compared,  it  is  clear  that  at  great  distances  the 
geomagnetic  field  will  be  swept  away  by  the  solar  wind  and 
that  close  to  the  earth  the  solar  wind  will  be  excluded  by 
the  (ieid.  At  intermediate  distances  there  must  exist  a  region 
of  interaction  w  here  the  pressures  are  comparable  and  where 
rather  complicated  features  can  be  expected.  In  the  last 
decade,  satellite  experiments  and  theoretical  development 
have  discovered  and  claritied  the  principal  features  of  this 
interaction.  Some  of  them  are  illustrated  in  Figure  4-5.  (  The 
23'’  tilt  of  the  rotational  axis  and  the  1 1 .5'^  tilt  of  the  dipole 
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Figure  4-5.  The  genetal  configuniion  of  the  magnetosphere,  shown  in  a  noon-meridian  sectipn 


axis  have  been  neglected  for  simplicity.)  The  field  of  the 
earth  extends  to  a  geocentric  distance  of  10  R,;  toward  the 
sun  (R,:  being  a  unit  of  length  equal  to  the  radius  of  the 
earth)  at  which  distance  it  terminates  abruptly  in  a  thin  layer 
known  as  the  magnetopause.  The  region  interior  to  this  layer 
is  known  as  the  magnetosphere.  The  region  exterior  to  it 
contains  the  solar  wind,  which  is  "piled  up",  that  is.  com¬ 
pressed.  deflected,  heated,  and  made  turbulent  by  the  col¬ 
lision.  these  effects  propagate  some  distance  upstream,  with 
the  result  that  the  wind  is  slowed  over  a  distance  of  a  few 
Rp,  Since  the  velocity  of  the  undisturbed  wind  is  "super- 
■  sonic",  there  exists  a  surface  at  which,  the  velocity  is  just 
"sonic"  and  a  stationary  shock  front,  the  bow  shock,  is 
created.  The  magnetopause  is  typically  at  about  10  R|.  and 
the  bow  shtKk  at  about  14  R,  on  the  sun-earth  line.  The 
region  between  these  is  called  the  magnetosheath.  Field  lines 
from  the  high-latitude  (polar  cap)  regions  are  swe^t  back 
toward  the  night  side  and  form  a  long  geomagnetic  tail. 
Although  it  might  be  expected  that  solar  wind  pressure  per¬ 
pendicular  to  the  direction  of  its  bulk  flow  should  close  the 
magnetosphere  within  a  few  tens  of  R|.  behind  the  earth, 
that  is  not  the  case:  the  combined  pressure  of  field  and 
plasma  within  the  tail  is  sufficient  to  prevent  closing,  and 


the  tail  has  been  observed  at  a  distance  of  more  than  1000 
Ri:  behind  the  earth.  It  might  also  be  expected  that  within 
the  tail  the  north-polar  field  lines  would  be  smoothly  con¬ 
nected  across  the  equatorial  plane  to  the  corresponding  south- 
polar  field  lines,  but  this  also  docs  not  happen:  these  field 
lines  are  drawn  out  into  the  tail,  directed  toward  the  earth 
above  the  plane  and  away  from  the  earth  below  it.  Thus, 
beyond  a  ge<x:entric  distance  of  abtiut  10  R|:  in  the  tail,  the 
equatorial  plane  (neglecting  tilts)  is  a  sort  of  neutral  sheet, 
across  which  there  is  a  fairly  abrupt  field  reversal,  and  the 
comp»>nent  perpendicular  to  the  neutral  sheet  is  very  small. 

A  surface  of  discontinuity  in  the  magnetic  field  implies 
the  existence  of  a  current  flow  in  the  surface,  and  the  current 
pattern  can  be  inferred  from  the  field.  On  the  sunward  mag¬ 
netopause  the  flow  is  characterized  by  an  eastward  current 
sheet  (dawn-to-dusk)  across  the  nose  (subsolar  point)  of  the 
magnetosphere.  In  the  neutral  sheet  the  flow  is  westward 
across  the  tail  (also  dawn-to-dusk).  with  return  lixips  or:  the 
tailward  part  of  the  magnetopause.  These  currents  are  shown 
schematically  in  Figure  4-6.  (The  composite  magnetopause 
current  is  not  shown.) 

The  current  system  of  the  magnetopause  acts  to  cancei 
the  dipole  field  outside  and  enhance  the  field  inside  the 


THE  GEOMAGNETIC  FIELD 


N| 


Figure  4^.  Flow  paltems  of  the  two  principal  current  <iy<itrms  which 
determine  the  configuration  of  the  magnetosphere  (adapted 
after  Axford.  I%S| 


magnetopause.  This  is  equivalent  to  a  compression  of  the 
geomagnetic  Held  by  the  cavity  to  which  it  is  confined. 
Because  the  cavity  almost  totally  surr.tunds  the  earth,  the 
field  is  compressed  on  all  sides,  but  since  the  tail  is  open 
and  the  highest  pressure  is  on  the  nose  of  the  cavity,  the 
compression  is  somewhat  less  on  the  night  side.  The 
compression  results  in  an  average  increase  of  the  equatorial 
surface  field  of  about  0.  K/i-  (about  .'iO  nT);  just  inside  the 
magnetopau.se  the  increase  is  KK)*^  (which  is  about  30  nT 
when  the  magnetopause  is  at  10  R|;  but  about  60  nT  if  it 
has  been  pushed  in  to  8  R|  l.  About  a  third  of  the  surface 
increase  results  from  diamagnetism  in  the  solid  earth. 

The  steady  field  then  consists  basically  of  the  main  field 
of  the  earth  compressed  by  the  cavity  to  which  it  is  confined. 
In  addition,  most  of  time-varying  field  contributions  dis¬ 
cussed  below  are  also  ( like  the  magnetopausc'  current  I  likely 
to  have  an  average  dc  value  which  may  be  thought  of  as 
part  of  the  steady  field.  For  example,  convection  of  the 
outer  magnetosphere  and  the  flow  ing  of  a  ring  current  are 
,  processes  which  continue  even  on  the  quietest  days. 

4.1.5  Quiet  Variation  External  Fields 

The  earth  with  its  core,  atmosphere,  and  main  field 
rotates  in  the  interplanetary  environment  and  nmves  along 
its  orbit  so  that  any  point  stationary  in  geographic  coordi¬ 
nates  experiences  periodic  variations  in  gravity  force,  solar 
illumination,  and  compression  or  other  modification  by  solar 
wind  effects.  The  field  contributions  that  result  from  these 
motions  vary  diumallyand  seasonally.  Field  contributions 
that  Vary  this  slowly  and  regularly  and  do  not  result  from 
disturbances  in  the  interplanetary  environment  are  known 
as  quiet  variation  fields.  The  analysis  of  experimental  data 
to  determine  the  quiet  variation  fields  is  of  course  difficult 
in  the  presence  of  magnetospheric  disturbance,  and  criteria 


for  separating  field  contributions  have  been  somewhat  ar¬ 
bitrary  and  subject  to  personal  judgment.  These  fields  were 
originally  defined  on  the  basis  of  data  taken  during  a  few 
of  the  quietest  days  per  month.  With  better  understanding 
of  magnetospheric  disturbance,  improved  measurements, 
and  an  awareness  that  quietness  is  only  relative  (any  day 
being  only  more  or  less  disturbed),  it  became  more  common 
to  consider  them  in  an  idealized  .sense  as  being  those  vari¬ 
ation^  that  would  exist  if  the  earth  were  subjected  only  to 
an  absolutely  quiet  external  environment.  More  recently, 
evidence  of  a  direct  connection  between  quiet  and  disturb¬ 
ance  variations  has  made  this  viewpoint  less  useful. 

Quiet  variation  fields  include  several  contributions.  The 
solar  quiet  (Sq)  variation  field,  which  has  a  peak-to-peak 
amplitude  of  several  tens  of  nanoteslas  at  most  surface  lo¬ 
cations,  is  caused  mostly  by  the  generation  of  ionospheric 
currents  by  solar  electromagnetic  radiation.  The  L  (lunar 
daily)  variation  .held,  which  typically  has  an  amplitude  of 
a  few  nanoteslas  at  the  surface,  results  from  the  generation 
of  ionospheric  currents  by  luni-solar  atmospheric  tides.  An¬ 
other  contribution  of  a  few  nanoteslas  at  the  surface  results 
from  the  confinement  of  the  main  field  by  the  solar  wind, 
the  compression  being  stronger  on  the  day  side  than  on  the 
night  side.  Quiet  variation  fields  are  discussed  in  Section 
4.4.  which  for  both  historical  and  practical  reasons  retains 
a  ground-based  perspective. 

4.1.6  Disturbance  External  Fields 

Variations  in  the  geomagnetic  field  that  do  not  have  a 
simple  periodicity  and  appear  to  result  from  changes  in  the 
interplanetary  environment  are  called  disturbed  variation 
fields  or  geomagnetic  disturbance  and  are  denoted  by  D. 
The  D  field  is  that  remaining  after  the  steady  and  the  quiet 
variation  fields  have  been  subtracted  from  the  total.  Large 
disturbances  of  relatively  long  duration,  the  behavior  of 
which  suggests  some  magnetospheric  events  as  the  cause, 
are  termed  geomagnetic  stonns.  Kxcept  for  some  fluctua¬ 
tions  attributable  to  irregular  motion  of  the  upper  atmos¬ 
phere.  the  sun  is  rcsp«insible  for  all  disturbance  effects  rpe- 
ognized  at  present,  and  with  only  two  exceptions,  it  is  the 
solar  wind  with  the  frozen-in  solar  magnetic  field  that  trans¬ 
mits  the  disturbance  to  the  vicinity  of  the  earth.  The  two 
exceptions  aa*  disturbances  in  which  ionospheric  conduc¬ 
tivity  is  enhanced  as  the  result  of  solar  flares;  polar  cap 
absorption  events  ( PCA).  which  result  from  low-energy  pro¬ 
tons  from  the  flare,  and  solar-flare  effects  (SFE).  which 
result  from  x-ray  emissions  from  the  flare. 

Historically,  the  disturbance  field  has  been  studied  by 
ground  observations,  with  the  hope  of  separating  the  ob¬ 
served  surface  field  into  components  that  could  be  explained 
in  terms  of  current  systems  above  the  earth.  A  useful  dis¬ 
tinction  has  beer  the  separation  of  the  eompsinent  that  de¬ 
pends  only  on  universal  time  (UT)  from  that  which  depends 
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local  time  (LT>;  the  fonner.  usually  called  the  storm- 
time  variation  and  denoted  by  Dst.  is.  by  definition,  sym¬ 
metric  ab*>ut  the  polar  axis,  while  the  latter,  called  the  dis¬ 
turbance-daily  variati(»n  and  denoted  by  DS  (or  Ds).  is  asym¬ 
metric.  Then  D  =  Dst  +  DS.  The  component  Dst  was 
attributed  to  a  ring  current  encircling  the  earth  a  few  R|. 
above  the  equator,  while  DS  .was  attributed  to  ionospheric 
currents  generated  by  auroral  particles  precipitated  from  the 
ring  cuiTcnt.  Although  better  knowledge  of  the  magneto¬ 
sphere  has  made  cleUr  that  ionospheric  and  magnetospheric 
eprrent  systems  are  intimately  related,  this  separation  is  still 
useful.  Other  separations  have  been  nia  Je  or  proposed,  usu¬ 
ally  relating  to  a  theoa'iical  model  of  some  postulated  phys¬ 
ical  prtKcss.  Many  arc  currently  in  use  in  the  literature  but 
are  likely  to  be  revised  as  understanding  i  ‘iprovcs. 

Except  as  noted  above,  geomagnetic  disturbance  results 
from  the  interaction  of  the  solar  w  inti  with  the  geomagnetic 
field.  While  some  minimum  level  of  disturbance  may  be 
expected  to  result  from  turbulence  generated  by  instabilities 
in  the  flow  of  plasma  around  the  magnetosphere  even  if 
s«ilai  wind  properties  were  absolutely  constant,  most  dis¬ 
turbance  phenomena  having  characteristic  times  of  minutes 
to  days  and  observable  in  ground-based  measurements  of 
the  field  result  from  variations  (often  abrupt)  in  one  or  more 
of  the  solar,  wind  parameters  (for  example,  the  density  or 
vdocify  of  the  plasma  or  the  direction  or  intensity  of  the 
interplanetary  field  i.  The  largest  disturbances  of  the  mag¬ 
netosphere  are  called  magnetospheric  storms  and  the  cor- 
resprrnding  disturbances  .'f  the  geomagnetic  field  are  called 
geomagnetic  storms.  WhiU  phenomena  vary  greatly  from 
storm  to  storm  it  is  pos>ible  to  describe  a  ty  pical  or  "classic” 
magnetic  storm  (see  Section  4.,'’.l).  Many  other  complex 
dynamic  priK-csses  in  the  magnetosphere  am  manifested  in 
magnetic- field  disturbance;  some  of  these  are  discussed  in 
Chapter  «. 

The  dynamic  behavior  of  the  magnetosphere  also  in¬ 
cludes  oscillations,  especially  in  accompaniment  to  slower 
magnetic  disturbance.  NmIi  because  it  is  an  clastic  entity 
which  can  resonate  and  because  a  number  of  its  dynamic 
priK'Csses  generate  oscdlatory  currents.  Periinlic  and  ape- 
riiHlic  lield  fluctuations  with  frequencies  covering  nearly 
eight  decades  i  It)  ‘  to  l()‘  H/)  are  observed.  In  the  lower 
frequency  range  il  l  f  up  to  .S  If/)  they  are  called  geomag¬ 
netic  puKitions  fhese  are  discussed  in  Section  4.5.2.  Higher 
frequencies  (HI.K  and  Vl.f'i  are  assiK'iated  with  the  dynam¬ 
ics  of  ionospheiic  and  magnetospheric  plasmas, 

4.2  MEASl  REMENTS  OF  THE 
GEOM AliNETIC  FIELD 

Geomagnetic  phenomena  are  studied  experimentally 
through  data  obtained  by  ground  stations,  ships,  aircraft, 
and  space  vehicles  fhis  sectu'n  discusses  the  instruments 
used  for  geomagnetic  measurements  and  reviews  the  prin¬ 
cipal  sources  of  such  measurenvnis 


4.2.1  Instrumentation 

Instruments  used  over  the  past  several  hundred  years  to 
measure  the  intensity  and  direction  of  the  magnetic  field 
have  been  few  in  number  and  simple  in  principle,  but  during 
the  past  century  they  have  been  made  very  reliable  and  fairly 
precise.  Although  greater  precision  and  sensitivity  were  needed 
earlier,  major  developments  of  new  instruments  came  only 
in  the  past  years,  partly  because  the  older  instruments 
were  not  adaptable  for  use  on  r(x;keis  and  satellites.  The 
principal  instruments  currently  in  use  may  be  listed  as  fol¬ 
lows.  ■ 

Ground-based  instruments  exploit  several  physical  prin¬ 
ciples.  Several  of  the  older  instruments  are  based  on  the 
alignment  or  oscillation  of  a  permanently  magnetized  needle 
in  the  field;  these  include  the  compass,  dip  circle,  and  mag¬ 
netic  thcixlolitc.  which  measure  D.  I.  and  H.  respectively, 
the  three  elements  usual'v  measured  at  observatories  to  de¬ 
termine  the  field.  Se.-  tc  others  rely  on  the  induction  of  a 
voltage  in  a  coil  of  wire.  The  coil  may  be  rotated  in  the 
field  as  in  the  dip  inductor,  or  may  be  fixed  as  in  a  large 
induction-coil  magnetometer  used  to  measure  geomagnetic 
pulsations.  Two  magnelome’ers  are  based  on  the  cancel¬ 
lation  of  a  compirnent  of  the  get-.r^agnctic  field  by  the  known 
field  of  an  electromagnet;  these  are  ibe  H-magnetotieter  of 
Schuster  and  Smith  and  the  Z-magnetometer  of  Dye.  Of  the 
newer  instruments,  several  are  bused  on  atomic -resonance 
techniques;  these  are  the  proton  pn  eessittn  (and  proton  vec¬ 
tor).  rubidium-vapor,  and  helium  magnetometers.  Another 
widely  used  instrument  exploits  the  saturation  characteristics 
of  a  ferromagnetic  core;  this  is  the  fluxgatc  or  saturable- 
corc  magnetometer.  Most  recently,  a  number  of  extremely 
sensitive  instruments  have  been  developed  which  utilize  the 
quantum-mechanical  behavior  of  Josephson  juni  tions  in  a 
superconducting  UH>p;  these  arc  known  as  SQUID  in:‘gne- 
tometers  (for  "superconducting  quantum  interference  de¬ 
vices"!. 

All  of  these  magnetometers  are  in  use  for  ground  meas¬ 
urements.  Satellite  and  riKkct  measurements  rcly  rituinly  on 
the  rubidium-vafHir.  inductU'n-coil  (often  called  searchcoil). 
and  Huxgate  niagnetmncters.  which  inherently  have  small 
size,  low  weight,  nuxlest  power  requirements,  and  an  easily 
tclentetercd output.  A  brief  description  of  several  of  the 
most  important  of  these  instruments  follows. 

Fixed  induction  coils  of  various  sizes  are  used  to  measure 
rapid  fluctuations  in  the  field,  ft)  measu'c  the  vertical  com¬ 
ponent.  horizontal  coils  w  ith  diameters  of  nearly  10  km  are 
laid  »>ut  on  the  ground;  lor  the  other  components,  coils  a 
.few  meters  in  diameter,  but  with  many  turns,  are  used.  Also 
used  for  thi-:  purpose  arc  much  smaller  coils  which  arc 
wound  around  laminated  mu-metal  ei'res  which  concentrate 
magnetic  flux  for  increased  sensitivity.  Since  the  quantity 
measured  is  the  time  rate  of  change  of  tiic  field,  the  sen¬ 
sitivity  is  inherently  proportional  to  the  frequency  of  the 
fluctuation  .A  metal-core  coil  of  .10  OtK)  turns,  having  a 
diameter  of  7  cm  and  a  length  of  2  m.  can  detect  variations 
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of  0.001  nT  at  one  Hz.  A  typical  spacecraft  searchcoil 
having  a  diameter  of  2  cm  and  a  length  of  30  cm  has  a 
sensitivity  1000  times  less. 

The  first  and  best  developed  of  the  atomic-  or  nuclear- 
resonance  ihstruments  is  the  proton  precession  magnetom¬ 
eter.  The  physical  principle  on  which  it  depends  follows. 
Individual  protons  in  a  hydrogenous  material  placed  in  a 
magnetic  field  have  both  a  magnetic  moment  and  an  angular 
momentum,  which  coincide  in  direction:  the  field  exerts  on 
the  proton  a  torque  tending  to  align  its  moment  with  the 
field,  but  the  existence  of  the  angular  momentum  causes  the 
common  vector  to  process  about  the  field  direction.  Nor¬ 
mally  the  precessing  vectors  are  random  in  phase  and  pro¬ 
duce  no  coherent  signal,  but  if  they  are  started  with  a  com¬ 
mon  phase  by  suddenly  releasing  them  after  polarization  by 
a  strong  field  perpendicular  to  the  field  to  be  measured,  they 
precess  for  some  time  in  unison,  prtxlucing  at  the  precession 
frequency  a  signal  which  can  be  detected  by  a  pickup  coil 
surrounding  the  material.  The  precession  (Lgrmor)  fre¬ 
quency  is  directly  proportional  to  the  field,  the  constant  of 
proportionality  being  l/2i:  times  the  proton  gyromagnetic 
ratio.  This  physical  constant,  known  to  an  accuracy  of  better 
than  one  part  in  10'.  has  the  value  267.‘5I,9  x  10'  T  '  s  ' 
so  the  frequency  for  a  field  of  .30  000  nT  is  1 .2773  kHz. 
In  a  typical  instrument,  the  hydrogenous  material  is. a  frac¬ 
tion  of  a  liter  of  water,  alcohol,  or  n-heptanc  around  which 
is  wound  a  single  coil,  used  first  to  produce  the  polarizing 
field  of  about  0.01  T  and  subsequently  to  detect  the  preces¬ 
sion  signal.  After  the  sample  is  polarized,  the  coherence  of 
•he  precession  persists  for  a  few  seconds  before  being  de¬ 
stroyed  by  thermal  agitation.  .Several  precautions  and  cor¬ 
rections  are  required,  but  the  instrument  is  basically  simple 
and  reliable.  Abstilute  measurements  of  the  field  can  be 
made  with  an  uncertainty  as  low  as  0. 1  nT.  The  sensitivity 
of  the  instrument  can  be  increased  to  0.01  nT  by  adding  a 
microprocessor  to  priKCss  the  precession  signal.  Versions 
for  use  in  obsers’atories.  aircraft,  ships,  and  wkets  have 
been  developed  and  a  continuously  self-oscillating  version 
is  under  development. 

The  proton  vector  magnetometer  combines  the  proton- 
precession  magnetometer  with  two  sets  of  Helmholtz  coils 
arranged  to  null  the'H  and  Z  components.  To  measure  Z. 
H  is  first  annulled  by  producing  -  H  in  the  H  coils.  The 
null  cannot  be  detected  directly  but  is  produced  by  using 
just  half  the  current  required  to  generate  -  2H;  the  latter 
condition  can  be  detected  since  the  total  intensity  is  then 
exactly  the  same  as  that  with  zero  current  in  the  coil.  The 
current  required  to  annul  Z  is  then  measured.  First-order 
instrument  errors,  of  which  leveling  alignment  is  most  crit¬ 
ical.  can  be  corrected  by  appropriate  checks  with  reversed 
coils.  To  keep  the  field  gradient  at  the  sensor  low  enough 
with  mixlerate  coil  dimensions,  a  four-clement  Fcnselau  or 
Braunbeck  coil  array  may  replace  the  simpler  Helmholtz 
coil  Since  this  instniment  uses  the  proton  precession  mag¬ 
netometer  simply  as  a  null  detector,  the  precision  of  the 
measurement  depends  on  the  accuracy  w  ith  which  the  gen¬ 


erated  fields  are  known;  an  uncertainty  as  low  as  about  0.3 
nT  is  possible.  This  instrument  is  used  to  measure  H  and 
Z  at  many  observatories. 

In  the  last  25  years,  a  newer  resonance  instrument  has 
been  widely  used.  This  is  the  alkali-vapor  magnetometer, 
which  relics  on  the  Zeeman  effect  and  the  phenomenon  of 
optical  pumping.  Any  alkali  vapor  is  suitable,  but  the  ru¬ 
bidium  isotopes  S5  and  87  have  been  most  used.  The  energy- 
level  diagram  for  Rb-87.  showing  the  Zeeman  splitting  in 
a  magnetic  field,  is  shown  in  Figure  4-7.  When  light  having 
a  wavelength  of  about  0.79476  pm  is  passed  through  a 
transparent  cell  filled  with  the  vapor,  resrtnance  absorption 
and  re-emission  ixrcurs  involving  transitions  between  the 
various  Zeeman  sublevels  of  the  ground  and  first  excited 
states.  If  the' light  is  circularly  polarized,  the  absorption 
transitions  must  have  Am  =  -t- 1 .  so  no  transitions  from 
the  groundstate  sublevel  with  m  =  -t-  2  can  occur.  Even¬ 
tually.  all  electrons  arc  trapped  in  this  substafe  and  no  further 
absorption  can  take  place;  the  vapttr  becomes  magnetically 
polarized  and  transparent.  This  process  is  called  optical 
pumping.  The  polarization  can  be  destroyed  by  impressing 
in  a  direction  perpendicular  to  the  ambient  field  a  weak 
magnetic  field  oscillating  at  a  frequency  (the  Larmor  fre¬ 
quency )  coiTcsptmding  exactly  to  the  Zeeman  splitting  (6.99 
Hz/nT).  Forbidden  transitions  between  the  various  m-sub- 
levels  of,  the  groundstate  are  induced,  electrons  trapped  in 
the  sublevel  with  m  =  -i-  2  are  redistributed  to  other  sub- 
levels.  resonance  absorption  of  the  light  is  again  possible, 
and  the  vaprtr  is  mi  longer  transparent.  The  ambient  mag¬ 
netic  field  is  detennined  by  measuring  the  Larmor  frequency 
(that  is.  the  oscillating-field  frequency  that  produces  max¬ 
imum  light  absorption).  The  simplest  magnetometer  consists 
of  the  vapor  absorption  cell  surrounded  by  a  coil  to  produce 
the  Larmor-frequency  field,  an  rf-excited  vapor  lamp  with 
a  filter  to  absorb  all  but  the  0.79476  pm  line,  a  circular 
polarizer  between  the  lamp  and  the  cell,  and  a  photodetector 
to  measure  the  intensity  of  transmitted  light.  The  frequency 
of  the  impa's.sed  field  may  be  adjusted  manually  for  mini¬ 
mum  transmission  of  light  through  the  cell;  there  is  a  209( 
change  in  absorption  between  the  pumped  and  unpumped 
conditions.  In  more  refined  instruments,  several  corrections 
and  improvements  are  incorporated  and  they  are  usually  self- 
oscillating:  that  is.  both  the  light  intensity  and  the  impressed 
field  tiscillatc  with  the  Larmor  frequency,  which  is  estab¬ 
lished  Using  a  feedback  signal  trom  the  photodetector.  The 
absolute  accuracy  of  alkali-vapor  magnetometers  is  limited 
by  the  inherent  line  w  idth  of  the  resonance  (several  nT  for 
n’bidium)  and  a  further  splitting  of  the  Zeeman  levels  by 
second-order  effects  in  the  coupling  of  moments;  the  un- 
certaiitty  in  weak  field  regions  such  as  the  distant  magne¬ 
tosphere  is  negligible,  but  in  strong-field  regions,  such  as 
near  the  surface  of  the  earth,  it  is  seldom  less  than  about  2 
nT, 

The  helium  magnetometer  also  depends  on  optical 
pumping.  Its  operation  is  similar  to  that  ot  the  alkali-vapor 
instrument,  but  since  the  groundstate  of  helium  has  zero 
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Figure  4-7.  Energy-level  diagram  for  Rubidium-87. 


magnetic  moment,  electrons  are  trapped  in  a  substate  of  the 
mctastable  2'P|  state  instead,  being  excited  to  inc  metastable 
.state  by  an  rf  electric  field.  The  inherent  sensitivity  is  higher 
because  of  a  greater  Zeeman  splitting  (28  Hr'nT  compared 
with  7  Hz/nT  for  Rb-87).  but  the  line  width  of  the  resonance 
is  much  broader  (about  100  nT). 

The  fluxgate  magnetometer  has  been  in  use  for  nearly 
half  a  century,  but  its  current  usefulness  results  from  ex¬ 
tensive  development  in  recent  years.  At  present,  it  is  prob¬ 
ably  the  most  widely  used  instrument  in  both  grxiund  and 
space  measurements  for  geomagnetic  and  magnetospheric 
studies.  In  its  simplest  form,  it  consists  of  a  highly  perme¬ 
able  ferromagnetic  core  on  which  primary  and  secondary 
coils  are  wound.’  The  primary  winding  is  driven  with  a 
sinusoidal  current  that  has  an  amplitude  sufficient  to  drive 
the  core  material  into  saturation  twice  each  cycle,  thus 
changing  the  permeability  of  the  material  at  a  frequency 
twice  that  of  the  primary  current.  The  flux  in  the  core  has 
two  sources,  the  exciting  field  and  the  ambient  external  field. 
The  former  produces  a  large  component  at  the  driving  fre¬ 
quency  and.  because  of  the  changing  permeability,  other 
components  at  odd-harmonic  frequencies.  The  latter  pro¬ 
duces  a  large  component  at  the  second-harmonic  frequency 
and  smaller  components  at  higher  even-harmonic  frequen¬ 
cies.  all  due  to  the  changing  permeability;  that  is.  the  steady 
ambient  field,  which  would  otherwise  produce  no  signal,  is 
"gated"  into  the  secondary  winding  by  the  changing  per¬ 
meability  of  the  core.  Since  the  exciting  field  prixluces  only 


odd  harmonics,  the  second  harmonic  is  a  measure  of  the 
ambient  field,  its  amplitude  is  proportional  to  the  magnitude 
of  the  field  component  parallel  to  the  core,  and  its  phase 
indicates  the  sign.  Several  schemes  may  be  used  to  eliminate 
the  diive  signal  in  the  secondary  winding.  The  primary  and 
secondary  coils  can  be  wound  on  axes  which  are  perpen¬ 
dicular.  or  if  the  core  material  is  separated  longitudinally 
into  two  halves,  the  primary  winding  can  encircle  the  two 
halves  in  oppiisite  senses.  In  either  case  the  net  excitation 
flux  through  the  secondary  can  be  made  zero,  and  to  the 
degree  that  this  is  achieved,  only  the  desired  even-harmonic 
signal  is  detected.  A  magnetometer  of  the  latter  type  is 
shown  schematically  in  Figure  4-8.  Since  a  single  sensor 
measures  only  one  component,  most  applications  use  a  three¬ 
sensor  orthogonal  .array.  It  is  also  common  to  combitie  the 
instrument  with  coils,  either  external  or  wound  in  the  sensor 
(like  the  calibration  winding  shown),  to  annul  all  or  most 
of  the  ambient  field.  It  has  also  been  combined  with  a 
servomechanism  to  orient  a  three-sensor  array  such  that  two 
sensors  read  zero,  the  third  measures  the  total  field,  and  the 
servomechanism  measures  the  field  direction.  This  so-called 
orienting  fluxgate  was  used  extensively  iit  world-wide  mag¬ 
netic  mapping  by  aircraft.  Since  the  fluxgate  is  an  analog 
electronic  instiumeni.  a  number  of  characteristics  of  the 
circuitry  and  core  material  limit  its  absolute  accuracy;  some 
instruments  have  an  uni.'crtainty  of  less  than  1  nT.  The 
sensitivity  for  both  ground  and  space  measurements  is  better 
than  0. 1  nT.  Since  the  excitation  frequency  may  be  as  high 
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Figure  4-8.  Schematic  diagram  of  a  typical  fluxgate  magnetometer. 


as  10  kHz.  field  fluctuations  with  frequencies  as  high  as  100 
Hz  or  more  can  be  measured. 

The  most  recent  and  most  sensitive  instrument  is  the 
SQUID  magnetometer,  which  operates  in  liquid  helium  at 
about  4  K.  One  version  uses  two  Josephson  junctions  in  a 
superconducting  loop  as  shown  in  Figure  4-9.  Each  Junction 
consists  of  two  superconductors  (the  two  halves  of  the  loop) 
separated  by  a  thin  insulator  across  which  a  current  flows 
because  of  the  quantum-mechanical  tunneling  of  electrons 
through  the  the  insulator.  Quantum  mechanics  requires  that 
ail  electron  pairs  in  the  superconductor  be  in  the  same  state, 
and  therefore  that  a  single  wave  function  describe  the  entire 
loop.  One  result  is  that  in  a  loop  without  junctions  the 
magnetic  flux  enclosed  by  the  loop  cannot  change  (being 
“trapped")  and  is  quantized  in  units  of  h/2q„  (having  the 
value  2.07  x  lO"'^  Wb).  where  h  is  Planck’s  constant  and 
q,  is  the  charge  of  the  electron.  Adding  the  junctions  to  the 
loop  results  in  a  paFial  breakdown  of  the  trapping;  a  non- 
integral  multiple  of  the  flux  quantum  can  exist  in  the  loop, 
but  the  behavior  of  the  loop  in  attempting  to  maintain  the 
trapping  can  be  observed  through  its  effect  on  the  Josephson 
dc  current  flowing  from  A  to  B  in  the  figure,  which  varies 
as  shown  with  the  applied  magnetic  field.  Another  version 
requiring  only  one  junction  in  the  loop  observes  this  be¬ 
havior  by  its  effect  on  the  impedance  of  a  coil  arranged  to 
couple  an  externally  generated  rf  magnetic  field  into  the 
loop.  In  either  case,  the  measured  quantity  exhibits  an  in¬ 
terference  pattern,  that  is.  a  series  of  maxima  and  minima 


corresponding  to  the  existence  of  integral  and  half-integral 
multiples  of  the  flux  quantum  in  the  loop.  ITie  SQUiD  is 
not  an  absolute  instrument;  changes  in  the  ambient  magnetic 
field  are  measured  by  counting  the  number  of  maxima  which 
occur  in  an  output  signal  as  the  field  changes.  In  practice 


higure  4-9.  The  basic  gcomelry  and  iosephson-currcni  response  of  a  sim¬ 
ple  dc  SQUID  magnetometer. 
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both  dc  and  rf  instruments  arc  equipped  with  feedback  cir¬ 
cuitry-  to  keep  the  detector  locked  on  a  single  maximum, 
and  the  amount  of  the  feedback  signal  becomes  the  measure 
of  the  magnetic  field.  The  SQUID  is  a  vector  instrument, 
since  only  the  comptment  perpendicular  to  the  l<<op  con¬ 
tributes.  The  sensitivity  is  extremely  high;  field  changes  as 
small  as  10  ’  nT  can  be  observed.  The  main  limitation  is 
the  need  to  keep  the  thermal  energy  kT  very  small  compared 
with  the  energy  of  a  flux  quantum  so  the  in'.erference  pattern 
is  not  obscured  by  thermal  noise,  dnd  this  limits  the  area 
ot  the  Uxip  to  about  1  or  2  mm-.  The  magnetometer  inher¬ 
ently  p(>ssesses  excellent  linearity,  range,  and  frequency 
response.  Its  disadvantages  arc  that  it  must  -be  calibrated  to 
some  other  standard,  is  susceptible  to  electromagnetic  in¬ 
terference  (which  can  cause  loss  of  l(Kk  to  the  reference 
maximum  and  hence  its  calibration),  and  must  be  operated 
in  a  liquid-helium  cryostat.  ' 


4.2.2  Ground  Measurements 

Since  the  early  nineteenth  century,  the  principal  source 
of  geomagnetic  data  has  been  a  continually  increasing  num¬ 
ber  of  magnetic  obsers-atories  throughout  the  world.  Re¬ 
cently.  the  advent  of  scientific  satellites  has  greatly  advanced 
the  precision  of  global  surveys  and  the  study  of  magnetos- 
plieric  phenomena,  hut  this  has  not  diminished  the  need  for 
ground-ba.scd  measurements. 

By  1840  about  50  observatories  were  making  coordi¬ 
nated  measurements  of  the  declination  by  hourly  intervals. 
In  recent  years  over  250  stations  have  been  in  continuous 
or  intermittent  operation.  Of  these,  over  130  are  formal 
observatories,  most  of  which  publish  data  on  a  regular  basis. 
Others  are  repeat  stations  which  are  carefully  marked  and 
used  periodically  for  standard  measurements  with  portable 
instruments.  Still  others  are  special  stations  set  up  for  a 
particular  research  problem.  Their  geographic  distribution 
is  shown  in  Figure  4-10.  and  a  list  of  most  stations  in  recent 
operation  is  given  in  Section  4.8.3.  Almost  all  observatories 
measure  three  elements  to  define  the  vector  field  with  an 
accuracy  of  about  I  nT  and  a  time  resolution  of  one  minute. 
Many  ako  derive  K  indices  and  make  rapid-run  magneto- 
grams  for  better  time  resolution.  Many  of  these  data  are 
available  from  the  data  centers  listed  in  Section  4.8.1. 

In  recent  years,  a  number  of  ground-station  networks 
have  btsen  constructed  to  provide  the  particular  geographic 
coverage  needed  for  the  study  of  ionospheric  and  magne- 
tospheric  dynaiiiics.  The  largest  number  were  ^  operation 
for  the  three-year  International  Magnetosphirric  'xudy  (IMS) 
commencing  in  ld77,  including  five  in  North  .America,  three 
in  Europe,  and  (thntugh  international  cixiperation)  one  which 
ci'cled  the  globe.  Some  arc  still  in  continuous  or  inten.iiitent 
tiperation.  Data  from  many  of  these  are  in  digital  form,  have 
10-second  (or  better)  time  resolution,  and  are  available  from 
the  National  Geophysical  Data  Center. 


4.2.3  Satellite  and  Rocket  Measurements 

Sounding  iiKkcts  carrying  magnetometers  have  been  used 
since  1949  to  measure  the  intensity  and  height  distribution 
of  ionospheric  current  .systems  by  measuring  the  change  in 
the  transverse  magnetic-field  component  us  the  current  layer 
was  traversed  and  comparing  it  with  that  expected  from  an 
idealized  infinite  current  sheet.  The  equatorial  eicctrojet. 
the  midlatitude  Sq  currents,  and  the  auroral  electrojet  have 
all  been  studied  in  this  manner  using  primarily  proton- 
precession  or  alkali-vapor  magnetometers  but  occasionally 
fluxgate  or  searchcoil  instruments.  Recently,  attention  has 
centered  on  tltc  fine  structure  of  field-aligned  currents  of  the 
auroral  oval,  and  a  series  of  rocket-lxime  experiments  has 
attempted  to  determine  the  configuration  of  the  lines  of  force 
of  the  geomagnetic  field  by  injecting  energetic  electron  beams 
along  the  field  line  at  rocket  altitudes  and  detecting  their 
return. 

The  use  of  satellites  for  magnetic  measurements  began 
in  1959  with  the  Sputnik  3  and  Vanguard  3  spacecraft. 
Measurements  since  then  have  pnwided  the  drastically  al¬ 
tered  concept  of  the  magneti'sphere  described  in  Section 
4.1.4.  In  the  last  decade,  deep-space  satellites  with  highly 
elliptical  orbits  (Hawkeye'  I;  Heos  I  and  2:  IMP  H.  I.  and 
J;  ISEE  I  and  2;  OGO  5;  and  Prognoz  4.  5.  6.  and  7)  have 
carried  fluxgate  magnetometers  to  the  boundary  regions  of 
the  magnetosphere.  Other  satellites  in  elliptical  orbits  of 
lower  apogee  (Explorer  45.  GEOS  1.  and  Jikiken)  made 
measurements  largely  within  the  magnetosphere. 

Low-altitude  polar  satellites  are  ideal  for  makihg  meas¬ 
urements  of  the  geomagnetic  field  to  derive  a  spherical- 
harmonic  nuxlcl  of  the  internal  geomagnetic  field,  since  they 
are  nearly  simultaneous  and  have  a  uniform  global  distri¬ 
bution.  The  OGO  6  satellite  accomplished  this  during 
1969-1970  using  a  rubidium-vapor  magnetometer  to  obtain 
accurate  scalar  measurements  of  the  field.  These  were  im¬ 
proved  on  during  1979-1980  by  the  MAGSAT  spacecraft, 
which  obtained  both  scalar  values,  using  a  cesium-vapor 
magnetometer,  and  vector  component  values,  using  an  au¬ 
tomatic-field-offset  fluxgate  magnetometer.  The  scalar  val¬ 
ues  have  an  accuracy  of  I  nT;  instrument  and  attitude  un¬ 
certainties  limit  the  accuracy  of  the  vector  values  to  6  nT. 

In  the  last  decade,  high-resolution  fluxgate  magnetom¬ 
eters  on  the  polar-orbiting  TRIAD  and  Air  Force  S3-2  sat¬ 
ellites  nreasured  the  distribution  and  intensity  of  field-aligned 
currents  connecting  the  outer  magnetosphere  to  the  polar 
and  auroral  regions  of  the  ionosphere.  By  applying  spin¬ 
averaging  techniques.  from  the  fluxgate  magnetometers 
;carried  for  attitude  determination  on  the  ISIS  2.  AE-C.  and 
S,’  -3  satellites)  were  also  used  to  measure  field-aligned  cur- 
rentii. 

Magnetometers  aboard  geostationary  satellites  respond 
primarily  to  time  variations  in  the  geomagnetic  field  and 
ha''£  been  useful  as  extraterrestrial  observatories  to  monitor 
the  fluctuations  caused  by  magnetic  storms.  In  the  last  dec¬ 
ade.  such  spacecraft,  all  equipped  with  three-component 
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Figure  4-10.  Geographical  dislribulion  of  magnetic  observalories. 


fluxgaie  magnetometers,  have  included  ATS  5  and  6;  GEOS 
2.  GOES  I,  2.  and  y.  SMS  I  and  2;  and  (in  an  orbit  slightly 
removed  from  the  synchronous  position)  SCATHA. 

4.3  THE  MAIN  FIELD 

The  steady  field  includes  both  the  main  field  of  terrestrial 
origin  and  the  nonvarying  components  of  external  current 
systems.  While  only  the  former  is  discussed  here,  it  should 
be  remembered  that  the  latter  contributes  to  the:  surface  field 
an  amount  which  exceeds  the  uncertainty  of  present  satellite 
survey  rheasurements. 

4.3.1  Basic  Description 

The  c|etailcd  characteristics  of  the  main  field  arc  most 
easiK  shown  in  world  charts  if  the  elements.  Historically 
such  charts  were  prepared  by  the  hand  fitting  of  curves  to 
observatory  and  survey  data.  Now .  however,  experimental 


measurements  and  mathematical  models  (Section  4.6)  are 
both  sufficiently  accurate  that  differences  between  them  are 
not  detectable  on  world  charts  of  mtxlerate  scale,  and  charts 
are  plotted  from  the  models.  Charts  of  the  magnetic  elements 
F.  H.  Z.  and  D  arc  presented  in  Figures  4-11  through 
4-14,  respectively.  These  charts  for  epoch  1980.0  are  plotted 
from  the  GSFC  9/80  model  ILangel.  1982],  but  differences 
between  all  recent  models  and  the  actual  field  are  too  small 
to  detect  on  these  small-scale  plots.  Crustal  anomalies,  which 
seldom  exceed  100  km  in  extent  but  are  resolved  by  current 
models,  are  similarly  unresolved  in  these  plots. 

An  explanation  of  the  source  of  the  main  field  must  be 
consistent  with  seismic  and  other  geophysical  data,  and 
many  proposed  explanations  have  been  discarded  on  the 
basis  of  convincing  arguments.  The  most  satisfacto'7  theory 
is  that  the  field  is  generated  by  a  self-exciting  dynamo  sys¬ 
tem  in  which  an  enif  generated  by  the  motion  of  a  conductor 
(molten  iron)  in  a  magnetic  (excitation)  field  produces  a 
current  so  oriented  as  to  produce  the  excitation  field.  Al¬ 
though  a  detailed  understanding  of  core  circulations  is  still 
lacking,  it  is  ber.eved  that  the  dipole  part  of  the  field  results 
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f  t^’urt.*  4  TK-  'onu  jt  vimipwn* .»{  Hk  Ik-UI.  cxtnpt'lafcJ  lo  Ihc  surface  nlihc  c»*fv  I  in  iicrstcJxi,  Tlic  ItKutionx  of  nine  raijial  dipoloN  fitted 

!«'  tht-  tieiJ  .ifv-  imfuatc*!  hx  >*'itd  eireie'  |m.'c  M'dreuee  and  Hunut/.  ldM| 


frittti  a  ni.iiiif  twi>-dinK’itM<>nj|  xircultitittn  vkhilc  the  non- 
ili[>>ie  rcenmal  .in<'nialiex  arise  Inittt  eddy  eirculafums  in 
the  initer  layer  i>i  the  eore  The  reeional  an<intalies  ean  he 
Itited  fairly  \»etl  In  a"untine  fha!  there  exi'l  within  the  core 
aN >ut  nine  radial  dipoles  ol  \arioii'  streneths  that  are  equiv¬ 
alent  to  Lire  Illation  \oniees  |  AlUlredee  anel  Miirwii/.  I‘)f>4t. 
These  are  slii>wn  in  TTenre  4  15  A  new  analysis  of  this  type 
will  lx*  made  ol  the  MAfiSAT  ilata  |l  aneel.  IWil|  There 
are  also  l.sal  anomalies  of  liinited  extent  caused  hy  per- 
riaru'nt  mae-neti'm  in  the  crust  K'caiise  this  source  is  s«» 
close  to  the  surt  ii.-. .  th.ese  ticlds  soiiKHiiies  exceed  thal 
erisif  .j  trom  tlk'  core  The  lareesi  is  the  Kursk  anomaly, 
-liio  i  111  Miiith  ol  \Toseow  .  which  is  shoon  in  T  leure  4-lh. 

4.3.2  The  Secular  Variation 

Ihe  stMilar  iatr  ii 'i,  velefs  to  very  slow  chances  in  the 
mam  tieUI.  the  timi;  s.  ah  eener.illy  K'ln;.’  nieasiireil  in  years. 


The  variation  during  the  past  400  years  or  so  can  be  studied 
on  the  basis  of  historical  records.  For  most  of  this  period 
measurcnients  separated  by  many  years  have  been  required, 
but  current  satellite  surveys  are  precise  enough  to  show 
changes  tveurring  over  an  interval  as  short  as  tj  year.  The 
variation  has  traditionally  been  found  by  comparing  world 
magnetic  charts  for  successive  epxK'hs;  it  is  now  derived  hy 
computer  programs  that  tit  mathematical  models  to  the  ex- 
pcrimenul  data  from  different  peritxls.  Defined  more  nar- 
nxwly.  the  secular  variation  refers  to  the  time  derivatives  of 
the  magnetic  elements  of  the  main  field.  The  secular  vari- 
ati.m  ot  the  total  field  F  is  shown  in  Figure  4-17. 

The  secular  variation  observed  over  recent  decades  and 
centuries  ean  be  described  as  the  sum  of  four  components 
that  ean  K'  described  individually;  a  decrease  in  dipvxle 
strength,  a  v’.c>tvvard  drift  of  regional  anomalies,  a  north¬ 
ward  nu'vcment  of  the  dipole,  and  residual  nondrifling  vari¬ 
ations. 

Over  the  entire  pcriixi  of  recorded  data,  the  dipole  strength 
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Figure  4<16.  The  northern  portion  of  the  Kursk  arutmaly.  Isointcnsity  contours  of  the  hon7ontai  and  vertical  field  arc  shown  in’units  of  oersteds  (after 
Chapman  and  Bartels.  I940|. 


has  been  decreasing  at  an  average  rate  of  about  0.05*}^  per 
year  (16  nT  per  year  at  the  equator);  data  for  the  past  150 
years  arc  plotted  in  Figure  4-18. 

It  has  long  been  observed  that  the  major  regional  anom¬ 
alies  in  the  field  appear  to  be  moving  westward,  and  math¬ 
ematical  analysis  |Nagata.  I%2|  has  confirmed  that  about 
bO'i?  of  the  secular  variation  not  attributable  to  dipole  weak¬ 
ening  can  be  accounted  for  by  a  westward  drift  of  the  non¬ 
dipole  field  by  about  0.2  degree  per  year.  The  cumulative 
drift  over  a  period  of  .18  years  is  easily  observed  in  the 
equatorial  profiles  of  the  vertical  field  shown  in  Figure 
4-19. 

A  smaller  part  of  the  variation  can  be  described  as  a 
northward  movement  of  the  diprile  center  with  a  velocity 
somewhat  greater  than  2  km  per  year.  If  this  rate  were  to 
continue,  the  center  would  be  outside  the  core  after  about 
1 500  years,  so  it  is  likely  that  the  northward  motion  is  merely 
the  current  phase  of  an  axial  oscillation  of  the  currents  that 
generate  the  •JifKrk 

The  remainder  of  the  variation  is  relatively  small  (except 
in  Antarctica).  It  seems  to  have  about  a  dozen  regional  f»K'i. 
but  it  has  not  been  accurately  measured. 

4.3.3  Paleomagnetism 

Paleomagnetism.  the  study  of  the  geomagnetic  field  in 
times  earlier  than  those  for  which  recorded  data  exist,  is 
based  on  the  fact  discovered  more  than  a  century  ago  that 
the  natural  remanent  magnetism  (NRM)  of  some  rrx'ks  and 


archaeological  samples  is  a  measure  of  the  geomagnetic  field 
that  existed  at  the  time  of  their  production.  If  the  NRM  is 
stable,  its  direction  is  the  same  as  and  its  intensity  is  pro¬ 
portional  to  the  field  in  which  the  sample  was  formed;  how¬ 
ever.  only  certain  combinations  of  material,  physical  pnv- 
cess,  and  condiiions  result  in  NRM  that  is  stable  enough 
for  reliable  results.  The  most  reliable  data  result  from  ther¬ 
moremanent  magnetization,  locked  into  the  sample  by  cool¬ 
ing  after  formation  at  a  higher  temperature.  The  best  ar¬ 
chaeological  samples  are  baked  earths,  such  as  kilns  or 
hearths,  frimi  earlier  civilizations,  and  the  best  geological 
samples  include  materials  such  as  lava  formed  at  high  tem¬ 
perature.  Very  careful  experimental  techniques  are  required, 
but  the  validity  of  a  great  many  paleomagnetic  data  and 
conclusions  is  well  established. 

The  study  of  the  secular  change  of  geomagnetic-field 
intensity  has  bc^n  extended  backward  in  time  about  50(X) 
years,  as  shown  in  Figure  4-20.  Over  the  most  recent  2000 
years  the  intensity  has  tended  io  decrease  at  an  average  rate 
of  about  10  nT  per  year,  while  for  the  preceding  2(KK)  years 
an  increase  of  similar  magnitude  is  observed. 

The  study  of  the  secular  change  of  geomagnetic-field 
direction  has  been  extended  backward  over  N>th  archaeiv 
logical  and  geological  time  scales  using  data  from  nxk 
samples.  During  the  past  several  tens  of  thousands  of  years 
the  direction  appears  to  have  made  quasi-periodic  oscilla¬ 
tions  ranging  over  sescral  tens  of  degrees.  However,  meas- 
urenwnts  covering  the  past  few  millions  of  years  have  yielded 
the  important  discovery  that  the  dipole  axis  has  not  w  anilcred 
over  the  entire  earth  but  has  remained  quite  closely  aligned 
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Figure  4-18.  Change  in  equatorial  field  strength  over  the  past  150  years 
(histahcal  data  from  Vestine.  1962|. 


Figure  4*  19.  Pn»tilcs  of  the  vertical  cqualonal  field  in  the  ycar\  1907  and 
I94V  shotving  the  cumulaioc  \scMv^ard  dnft  of  the  mm- 
dipnk  held  over  38  years  (after  Bullard  ct  at.. 


Year  A  O 


Figure  4-20  Fqu.itortal  heUI  imenMiy  in  recent  millenta.  as  dediKcd  fnun 
measurements  tm  archaeoioeicai  samples  and  recent  ohsers- 
afory  data  fafter  Nagata  and  O/ima.  1967] 


with  the  axis  of  lotation.  There  seems  generally  to  be  a 
clockwise  motion  of  the  dipole, axis  about  its  mean  position 
with  a  period  of  roughly  10  000  years  suggesting  a  preces¬ 
sion  about  the  axis  of  rotation. 

For  earlier  geological  ages,  paleomagnetlc  (as  well  as 
paleoclimatological)  data  obtained  on  any  one  continent  tend 
to  be  consistent  and  yield  a  time  history  of  the  apparent 
motion  of  the  magnetic  poles;  over  hundreds  of  millions  of 
years,  such  “virtual  poles*'  seem  to  have  moved  systemat¬ 
ically  by  many  tens  of  degrees  toward  their  present  loca¬ 
tions.  However,  there  is  a  very  large  apparent  disagreement 
between  traces  for  different  continents.  The  explanation  is 
that  during  this  time  period  the  continents  themselves  have 
drifted  large  distances  from  their  original  locations. 

Measurements  covering  about  SOO  million  years  have 
revealed  that  there  exist  revei^ly  magnetized  rocks,  and 
careful  study  has  established  that  these  indicate  that  the  field 
has  periodically  undergone  complete  reversals,  the  latest 
being  only  about  one  million  years  ago.  It  is  not  clear  whether 
the  present  weakening  of  the  dipole  field  represents  the 
beginning  of  another  reversal  or  a  less  drastic  oscillation. 

4.4  QUIET  VARIATION  FIELD;, 

A  daily  variation  of  the  surface  magnetic  field  was  first 
noted  in  1722.  Although  the  ionosphere  was  not  discovered 
until  1902,  it  was  predicted  as  early  as  1882  that  the  cause 
of  the  variation  was  electric  current  in  a  conducting  layer 
of  the  atmosphere.  Subsequent  study  has  shown  that  the 
quiet  variation  includes  a  large  effect  of  solar  origin,  a 
smaller  effect  of  lunar  origin,  and  a  still  smaller  remainder 
due  to  other  magnetospheric  processes. 

4.4.1  The  Solar  Quiet  Daily  Variation 

He  Milar  quiet  daily  variation  (the  Sq  fieldt  results  prin¬ 
cipally  tfom  currents  flowing  in  the  E  layer  of  the  ioTOv 
sphere.  To  a  first  approximation,  this  current  system  is  sta¬ 
tionary  in  nonr.Maling  cixrrdinates.  and  the  field  variation  is 
tibscrved  on  the  ground  as  a  function  of  liKal  time  because 
the  earth  ngaics  under  the  currents;  therehne.  it  is  similar 
for  all  observers  at  the  same  latitude,  having  the  dependence 
shown  in  Figure  4-21,  However,  this  is  a  pvxw  approxi¬ 
mation  since  the  conductivities  that  determine  the  current 
pattern  are  controlled  by  the  magnetic  field,  which  is  tilted, 
and  the  Sq  variation  is  more  nearly  the  ssiik  along  contours 
of  constant  dip  latitude  than  at  constant  geographic  latitude 
There  is  also  a  longitudinal  dependence  from  such  effects 
as  the  influence  of  veean  areas  upon  the  strength  of  induced 
currents. 

Both  the  conductivity,  which  permits  this  current  to 
flow,  and  most  of  the  electric  field,  which  powers  the  cur¬ 
rent.  are  produced  by  s<vlar  electromagnetic  radiation.  The 
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Kijiunr  4-21  W»»fUlvMOc  avtfTdjic  ol  the  Mtlar  quiet  varijtutn  netir  the 
cqui^K'xe^  Jt  maximunuMuhh.  ApnI.  SepteiitK*r,  ami 
(Vtt*her.  I45hi  (alter  MalNUNhilj.  I9h‘'| 


in;in»r  pari  ni'  iho  ck’elrie  (iold  appears  in  he  generated  in 
the  manner  ot  a  dx  naiim  h>  high-'peeu  tidal  xx  inds  prtxlux'ed 
by  solar  heating  of  the  atmosphere,  resulting  in  a  v ariativxn 
termed  Sq".  Hoxxexer.  it  is  alsx>  clear  that  part  of  the  electric 
held,  particularly  the  highdatitudc  part,  originates  in  the 
magnetosphere  and  is.  communicated  to  the  ionosphere  by 
helil  aligni-d  currents  resulting  in  a  xariation  teniK'd  Sq'' 
I.MalsU'hita.  I'lTsI  f  igure  4-22  shoxxs  the  Sxj”  and  total 
.Si|  iSti"  •  Su'  i  Ionospheric  current  systems  inferred  from 
a  global  array  of  measurements  Induced  eanh  currents  iihU 
shoxxni  s’ontributc  roughly  one-quarter  to  one  third  of  the 
total  Sq  Iteld 

()nc  m't.iblc  Icatiire  is  a  concent  rat  ii>n  of  current  at  the 
magnetic  dip  eqii.itor  I'his  >o-called  equatorial  clectroict 
IS.  m  tact,  only  a  lew  hundred  kilometers  vxide.  more  con- 
cen'r.ited  th.iii  can  K-  tepfiHluccd  in  the  figure  by  the  spher- 
ic.il  h.irmonK  miKlel  iKeil  to  compute  the  eiirrents  I  heelec- 
trojct  exists  K'laiise  of  a  special  circumstance  Mix  fiK't  that 
the  tield  at  the  dip  equ.itor  is  ex.icily  hori.'or.t.d  creates  a 
narrow  K'lt  ot  high  comliu ti\ ily  m  the  folloxxing  way  -Xn 
electric  tielil  iinpressx-d  ;x'rpcndicul.ir  ti<  a  macnctic  held 
there  eastwanl  and  northward,  respcctixely  i  xxould  normally 
prodiKx'  a  Mall  current  llowmg  px-rpxndictil.ir  to  Nith  there 
xenix.illx  I  Mowexer.  in  this  case  the  conductixe  medium 


is  bounded  in  the  vertical  direction,  the  Hall  current'is  in¬ 
hibited.  and  a  polarization  result.s.  It  is  found  experimentally 
and  theoretically  that  the  polarization  enhances  the  effective 
conductivity  in  the  direction  of  the  electric  field  (Cowling 
conductivity).  At  all  other  points;  even  slightly  off  the  dip 
equator,  the  conductivity  along  the  slightly  tilted  field  lines 
is  sufficient  to  allow  the  polarization  to  leak  off  partially, 
and  the  Cowling  conductivity  is  much  less  enhanced. 

Both  the  strength  and  pattern  of  the  Sq  variation  show 
a  dependence  on  longitude,  season,  year,  and  solar  cycle 
IMatsushita  and  Macda.  l%.Sa|.  The  dependence  on  season 
is  strong,  with  the  current  vortex  in  a  given  hemisphere 
becoming  more  intense  during  its  kx:al  summer.  The  de¬ 
pendence  on  solar  cycle  is  also  strong:  while  E-layer  ioni¬ 
zation  increases  by  50''/f  from  stilar  minimum  to  solar  max¬ 
imum.  the  Sq  variation  increases  by  about  100^.  presumably 
because  the  xxind  speed  also  increases.  The  Sq  variation  is 
enhanced  and  diminished  by  the  changes  in  solar  radiation 
produced  by  solar  flares  and  eclipses,  respectively. 

The  Sq  field  alsix  exhibits  large  changes  from  day  to 
day.  but  the  reasons  for  this  are  not  yet  well  understood. 
The  current  evidence  that  the  Sq  current  system  is  partially 
driven  by  magnetospheric  ptxK'esses  assiKiated  with  dis¬ 
turbance  phenoiiKna  blurs  the  traditional  distinction  be- 
txveen  quiet  variation  and  disturbance  variation  fields. 


4.4.2  The  Lunar  Daily  Variation 

The  lunar  daily  variation  (the  L  field)  is  generated  in 
the  same  manner  as  the  Sq  field,  except  that  the  respxinsible 
winds  arc  pnxluced  by  luni-solar  gravitational  tides  and 
there  is  currently  no  evidence  for  any  contribution  to  the 
electric  f'eld  by  magnetospheric  pniccsscs.  The  dominant 
behavior  is  a  semidiurnal  variation;  the  amplitude  is  about 
an  order  of  magnitude  smaller  than  the  Sq  amplitude.  As 
in  the  case  of  .Sq.  about  .tO'f  of  the  L  field  is  produced  by 
inxiuced  earth  currents  f-igurc  4-2.f  shows  the  average  I- 
xariaiiixn  in  the  eleiwnts  H.  Z.  and  I)  near  the  time  of  an 
equinx*\  and  for  a  nwan  lunar, age  Figure  4-24  shxxws  the 
inferred  mnosphcric  (but  not  induced)  currents.  A  lunar 
equaiixn.it  elcctn>)ei  is  a  |xnrKipal  feature,  existing  (and  being 
mxtre  intense  than  shown)  for  the  sanw  reasons  given  in  the 
case  of  the  Sq  variation 

The  xlepcndence  of !.  on  several  parameters  is  consistent 
with  expectations  IMatsushita  and  Macda.  I‘fb5b|.  There  is 
a  seasonal  depcmlcnce.  as  for  Sq.  and  alsti  a  xlepcndence 
on  lunar  age  The  solar-cycle  depciiilencc  on  I.  is  smaller 
than  that  ot  .Sq.  the  variation  being  about  ,'0'^*  (instead  of 
lot)';  I  greater  at  solar  maximum  than  at  solar  minimum 
because  the  increased  actixity  increases  only  the  conductiv¬ 
ities  amt  not  the  tidal  wind  speeds  The  longitudinal  de¬ 
pendence.  if  It  exists,  i\  too  small  to  have  been  established 
to  date 
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Figure  4-22.  liTi»»»sphcfK  currem^  infcrr^  fnmi  ihe  T«b>cncd  Sij  wiaitttfi 
ifK'IULkr  the  c<wi\cc(Km  pttUr  currcno  “  Sq'*  ♦ 

ciHirHcrcKK'k«ki*«  U'l<iAk>»iNCt  |Mal>UHhiU.  I^75| 

4.4.3  Magmtospheric  Daily  Variation 

Hxorpt  for  the  contnhution  to  the  high-latitude  S<j  field, 
the  daily  variation  in  the  vurl'ace  field  that  revultv  from  the 
nvtation  of  the  earth  w  ithin  its  magnetosphere  has  not  been 
observed  directly  since  it  is  similar  to  and  certainly  smaller 
than  the  Sq  and  L  variations  The  daysidc-nightside  differ¬ 
ence  m  compression  of  the  field  by  a  quiet  solar  wind  results 
in  a  surface  diurnal  variation  computed  U>  be  about  f  nf. 
and  the  surface  diurnal  .•omponents  of  other  magnetospheric 
field'  (such  as  a  quiet-tuiH;  ring  current)  that  could  arise 
from  asymmetric  geonK-tncs  are  pnibably  negligible  In  the 
outer  magnetosphere,  ot  course,  such  diurnal  effects  are 
large,  but  measurements  made  them  am  usually  mferenced 
:o  a  coordinate  system  that  di*-s  not  rotate  with  the  earth, 
the  effect  of  the  rotating  earth  is  then  a  somew  hat  diflerent 
pmhlem. 


LCX:aL  TIME 

The  nghi  panels  inelude  iwly  the  liOe  pniduecit  cunenis  (Sq''>  The  leli  panels 
Sq’'!  The  eurreni  tviween  ailjaceni  solid  ihnAeni  eiHHuurs  is  III  Dili)  ampetvs 


4.5  DISTURBANCE  FIELDS 

4.5.1  (ieomagnetic  Storms  and  Substorms 

The  tenn  geomagnetic  storm  refers  to  the  geomagnetic 
effects  of  a  magneiospheric  storm,  which,  broadly  defined, 
is  any  large  prolonged  disturbance  of  the  magnetissphem  by 
variations  m  the  solar  wind  These  storms,  obsetsed  in 
recordings  t magnetograms)  of  the  surface  magnetic  field, 
exhibit  great  variability  and  complexity  .  refiecting  the  com¬ 
plexity  of  solar  phenomena  However,  a  classic  storm,  the 
features  «'f  which  are  frequently  obsc-rved.  can  be  described 
as  follows  It  meludes  two  energi/mg  parts  and  a  subsequent 
recovery 

The  first  part  consists  o|  a  sudden  commencement  and 
an  initial  phase  These  result  from  a  change  in  compression 
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Figure  4*2.^  Lunar  «<m»dtufru(  vanafkm  near  (he  time  (if  an  equimiii. 

(fcrnvcd  from  data  co^crin^  (he  pcrkvl  IK41-IV62  (after 
Matsushita  and  Macda.  I'^5h| 
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Fipure  •4-?4  t«ifk>sphcnL  currerKs  inferred  fn*m  (he  idKersed  !  \ana(Hm 
Currenf  he(%(cert  jdiaccnt  a>m*nirs  is  KM*  amperes,  and 
each  dot  tndk'ites  a  sortex  venter  s^ith  the  total  lurrent  in 
ihvmsands  .if  amperrs  (after  MatNUshita  and  Maeda.  !‘ff*<h! 


of  the  magnetosphere  following  the  passage  of  a  disconti¬ 
nuity  such  as  a  shock  front  propagating  in  the  solar  wind 
and  correlate  well  with  the  pressure  exerted  by  the  bulk 
flow.  The  sudden  commencement  (SC)  is  seen  at  low-lat¬ 
itude  observatories  as  an  impulsive  increase  in  H.  typically 
having  a  rise  time  of  one  to  six  minutes  and  an  amplitude 
of  several  tens  of  nanoteslas  and  observed  over  the  entire 
earth  with  a  spread  in  arrival  time  of  less  than  a  minute. 
Deperaiing  on  location  and  the  particular  storm,  it  may  be 
positive,  negative,  double-valued  or  absent.  The  rise  time 
corresponds  to  the  time  required  for  the  discontinuity  to 
reach  all  points  of  the  magneiopause  and  be  transmitted  to 
the  ground  as  a  hydromagnetic  wave.  When  not  followed 
by  the  later  phases  of  a  storm,  this  phenomenon  is  called  a 
sudden  impulse  (SI).  The  initial  phase  typically  la.sts  two 
to  eight  hours,  during  which  the  field  remains  compressed 
by  the  increased  solar-wind  pressure  following  the  discon¬ 
tinuity. 

The  second  part  is  the  main  pha^e.  It  results  from  an 
inflation  of  the  magneti>sphere  by  a  ring  current  and  is  best 
correlated  with  a  previous  southward  turning  of  the  inter¬ 
planetary  field,  which  permits  energy  to  be  extracted  from 
the  solar  wind  by  a  merging  of  the  interplanetary  and  geo¬ 
magnetic  fields  at  the  magnetopause.  It  is  seen  at  low  lat¬ 
itudes  as  a  rapid  decrease  in  the  field  to  values  which  are 
below  the  prcstorm  level,  often  by,  more  than  100  nT  and 
infrequently  by  more  than  1000  nT.  It  develops  over  a  period 
of  a  few  hours  to  a  day  and  is  characterized  by  noise  (large 
fluctuations  with  a  broad  risetime  spectrum)  and  an  asym¬ 
metry  in  kKal  time  (earliest  development  ;n  the  laic-aftcr- 
mxm  .sccUY).  Since  solar  wind  discontinuities  usually  in¬ 
volve  changes  in  both  pressure  and  field  direction,  storms 
typically  sh«iw  N>th  compressiim  and  inflation  effects,  hut 
this  is  not  always  the  case,  and  storms  withrxit  sudden  com- 
mencenwnts  w  storms  which  fail  to  develop  a  main  phase 
are  n«>t  unc«»mmt->r,. 

The  final  part  is  the  recovery  phase.  It  consists  of  a  quiet 
iiR-reasc  of  the  field  toward  the  prestorm  level  with  a  char¬ 
acteristic  tioK  which  IS  typically  about  i>nc  day  but  some-  , 
limes  much  longer,  the  recov  ery  is  often  faster  at  first  than 
later.  Recovery  results  fiom  a  decrease  in  the  ring-current 
plasma  when  the  source  is  terminated  .aid  the  existing  plasma 
is  hKt  h\  various  mechanisms 

The  term  magnetosphcnc  suhstom.  denotes  a  process 
hy  which  energy  e stracied  from  the  solar  w  ind  and  stored 
in  the  magn-li^phere  is  dissipated.  It  is  s«)  named  because 
the  main  phaw  of  a  large  magnetic  storm  often  appeals  to 
he  the  supi'rpoMtion  ol  many  suhstorms.  each  of  which 
contnhulcs  partK'Ics  to  the  main-phase  nng  current.  The 
imermittent  and  impulsive  nature  ol  the  suhstorms  accounts 
for  the  characteristic  noise  of  the  main  phase  Ths*  suhstorm 
i>  the  principal  instahilits  of  the  magnetosphere  intl  very 
common,  it  is  often  observed  alnuist  daily  and  is  seldom 
absent  for  many  days.  The  priKess  takes  place  near  local 
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midnight  and  is  manifested  in  auroral  and  geomagnetic  ob¬ 
servations  by  the  auroral  breakup  and  the  geomagnetic  bay. 
It  is  now  clear  that  it  involves  a  short-circuiting  through  the 
auroral-zone  ionosphere  (via  field-aligned  currents)  of  the 
cross-tail  neutral-sheet  current.  This  permits  closed  field 
lines  that  had  been  distended  by  the  cross-tail  current  to 
relax  earthward  into  a  more  dipolar  shape,  carrying  with 
them  particles  for  the  main-phase  ring  current.  Substbrms 
appear  to  be  self-limiting,  lasting  for  less  than  an  hour:  larger 
amounts  of  energy  are  often  dissipated  in  a  sequence  of 
substorms  or  one  substorm  with  multiple  onsets. 

Prior  to  the  most  recent  decade,  many  studies  of  geo¬ 
magnetic  disturbance  sought  to  explain  various  phenomena 
by  constructing  "equivalent"  current  systems  confiried  to  the 
kmosphete.  More  recently,  there  has  emerged  a  much  better 
understanding  of  the  importance  and  general  nature  of  field- 
aligned  currents  in  the  magnetosphere  and  the  intimate  con¬ 
nection  between  ionosphere  and  magnetosphere.  Chapter  8 
discusses  some  of  thr  magnetospheric-iotKtspheric  prtKesses 
and  current  systems,  including  suhstorms.  that  manifest 
themselves  in  geomagnetic  phenomena  and  that  traditionally 
have  been  studied  from  that  perspective. 

4.5.2  Geomagnetic  Pulsations 

Variations  of  the  geomagnetic  field  having  periods  from 
less  than  one  to  several  hundreds  of  seconds  are  observed 
both  on  the  ground  and  in  the  magnetosphere.  They  are 
ultra-low-frequency  (LiLF)  waves  with  frequencies  below 
the  ion  gyrofrcquency  that  propagate  as  hydnanagnetic  waves 
in  the  magnetosphere.  They  have  comnninly  been  caHetl 
micropulsations,  geomagnetic  pulsations,  or  simply  pulsa¬ 
tions,  Wave  amplitudes  range  from  tenths  to  several  hundred 
nanotcsias.  with  the  largest  amplitudes  usually  occurring  in 
the  longer-period  waves  at  high  latitudes.  SimjItaneiHis  pe¬ 
riodic  variations  in  particle  precipitation,  aurorai  intensity, 
electric  fields,  x  ray  bursts,  and  particle  flux  arc  <»ften  ob¬ 
served.  The  pulsations  have  been  classified  into  two  prin¬ 
cipal  types:  Pc  (continuous)  pulsations,  which  often  have 
very  sinusoidal  waveforms,  and  Pi  (irregular)  pulsations. 
.More  detailed  classification  is  discussed  by  Jacobs  119701. 
further  subdivisums  and  characteristics  of  the  waves  arc 
given  in  Figure  4-25  ISaito.  I978|.  The  stKincsi-penod  l^LF 
waves  are  thought  to  result  fmni  cyclotron  instabilities  with 
charged  particles  in  the  magnetosphere.  An  overview  of 
these  waves  ran  he  found  in  Jacobs  |I97()|  and  Nishidi 
llv78|.  A  description  of  the  large  vanciy  of  higher-lfc- 
quency  (tnitsidc  the  I’LF  hand)  plasma  waves  in  the  mag¬ 
netosphere  IS  beyond  the  present  scope;  however,  useful 
summaries  have  been  given  by  Jacol.s  ( |970|  and  Shawhan 
|I979|.  Several  collections  of  papers  presented  for  review 
at  meetings  have  been  published  jfwmihwiwxl.  1980;  Orr. 
1981.  lACiA.  19821  (Jther  useful  reviews  have  been  given 
by  Saito  ||969|.  f)n  llO'.tj.  Lan/erotti  and  Souihwmxl 
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1 19791.  Shawhan  |I979|.  Southwood  |I979).  Hughes  1 1982). 
Singer  1 1982|.  Southwood  and  Hughes  1 1983).  and  Hughes 
11983). 

Duhgey  )  1954)  suggested  that  the  long-period  ULF  pul¬ 
sations  observed  on  the  ground  were  hydromagnetic  waves 
resonating  on  geomagnetic  field  lines.  In  the  idealized  case, 
field  lines  can  be  considered  fixed  at  both  ends  in  a  perfectly 
conducting  ionosphere,  and  harmonic  standing  waves  can 
exist  on  flux  tubes.  In  space  and  on  the  ground,  magnetic 
observations  of  spatial  variations  in  wave  frequency  and 
polarization  characteristics  have  supported  this  picture.  An 
approximate  expression  for  calculating  the  resonance  period 
is  given  by  the  so-called  WKB  or  time-of-flight  approxi¬ 
mation 


T  =  -  f X  L*  [2*  n.m,  (4.1) 

1)  J  Va(s)  I  ,  J 


where  the  Alfven  speed  is  given  by  v^  =  B/( p.,n,m,)'  -.  the 
integration  is  carried  out  between  conjugate  ionospheres,  t) 
is  the  hamninic  number,  ds  is  an  element  of  length  along 
a  field  line,  n,  and  m,  are  the  number  density  and  mass  of 
species  i  in  the  plasma,  and  L  is  the  Mcliwain  L-shell 
parameter.  This  methvxJ  is  least  accurate  fv>r  the  fundamental 
mode  hut  more  accurate  calculations  of  eigenperiixis  have 
been  carried  out  using  the  wave  equations  for  low-frequency 
hydnimagnetic  waves  in  a  nonuniform  magnetic  field  (for 
example,  a  dipole  held).  The  full  hydromagnetic  wave  equa¬ 
tions  are  coupled  and  have  not  been  solved  in  general. 
However,  with  certain  simplifying  assumptions  (such  as 
considering  magnetic  pcrtijrbations  strictly  transverse  to  the 
background  field)  they  have  been  solved  for  poloidal-mode 
(radial  field  displacement)  and  ton'>idal-nKxk  (azimuthal  field 
displacement)  waves.  A  particularly  useful  table  for  cal¬ 
culating  eigenperiods  of  the  uncoupled  poloidal  and  toroidal 
mode  waves  is  given  by  Cummings  ct  al.  )  1969),  Solutions 
in  an  arbitrary  licid  gevimetry  have  been  develiipcd  by  Singer 
et  al.  1 198 1 1.  The  theoretical  development  of  hydromagnetic 
waves  has  been  discussed  mvHe  fully  by  Southwixid  and 
Hughes  1 19821 

Several  iiKchanisnis  have  been  suggested  as  souaes  of 
magrwtic  pulsations,  however,  it  is  usually  difficult  to  link 
a  particular  wave  observation  to  a  specific  s*>uae  defini¬ 
tively.  For  waves  external  to  the  magnetosphere,  souaes 
include  the  Kclvin-Helmholt/  instability  (wind-over-water) 
at  the  magnetopause  boundary  ,  quasi-parallel  wave  exci¬ 
tation  whea'  waves  upsia-am  of  the  bow  sh<vk  penetrate 
into  the  inagnelospbeav  and  sudden  impulses  due  to  solar 
wind  disc-.intinuiiies  encountering  the  magnetopause.  For 
waves  internal  to  the  niagnetosphere.  souaes  include  mag¬ 
netic  suhstorms.  aal-space  or  veltKity -space  gradients  in 
the  magnetosphcric  plasma  distribution,  ionospheric  con- 
Jiicto  ity  diss'ontinliities.  and  unsteady  large-scale  plasma 
convection  Many  day^'dc  IV  pulsations  paihably  originate 
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Kijiurc  4-35  Cli'MhcalKin  of  jicomajinetk'  pulNalioo'  ISailo.  197X1 


a'  \urfacc  waves  generated  b\  the  Kelvin-ficimholt/  insta- 
hihlv  Chaf  evanessenity  tieeay  inside  the  niagnetiispheu’  whoa' 
they  einiple  to  transverso-niiKle  standing  .Alfvon  waves  on 
resonant  field  lines  |Souihwo<Hl.  I*>74;  Chen  ami  Masegawa. 
197.)  j  pj  pulsations  are  observed  priinarilv  on  the  nigiilside 
of  the  earth  and  have  been  clearly  linLed  to  the  onset  of 
niagnetospberie  subsionris  !.Soiiihwi>od  and  Stuart,  198(1) 
The  ionosphere  intluen.  es  long-period  IT,T'  waves  in 
the  magnetosphere  as  weli  as  mixlifying  the  signal  observed 
on  the  grorml  from  that  which  would  be  observed  in  space. 
Wave  energy  is  lost  in  the  ionosphere  through  Joule  Ifeating 
by  Pedersen  varrents,  and  signiticant  amounts  of  energy  may 
be  depositeil  in  the  high-latitude  ionosphere  by  waves 
lOreenw  aid  and  Walker.  |9K(t|  The  ionospheric  Pedersen 
currents  shield  the  incident  magnetic  held  fnirti  the  ground. 


and  the  signals  observed  on  the  ground  arc  due  to  H-ll 
currents  in  the  ionosphea*.  A  consequence  t'f  this  is  that  the 
polarization  of  the  horizontal  wave  observed  on  the  gn>und 
is  nrtated  by  90'  from  that  which  would  be  obsened  in 
space.  In  addition,  the  ionosphere  acts  as  a  spatial  filter  and 
screens  short-scale  horizontal  signal  variations  s-120  km 
lapprtvximate  height  of  the  E  regionl  from  the  ground. 

The  reflection  coefficient  of  an  Alfven  wave  by  the  iono¬ 
sphere  is 


I  -  gi  ,.v^  Sp 
I  +  ^  !.v,  Sp 


14.2) 


where  ip  is  the  height-integrated  Pedersen  cond'jctivity  in 
the  ionosphere,  and  v,,  is  the  Alfven  vehx'iiy  along  the 
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oscillating  Hux  tube.  The  ratio  of  the  effective  field-line 
cor.luctance  (ti,>VA)  '  to  the  ionospheric  conductance  is  one 
control  on  wave  damping  in  addition  to  wavc-particle  in¬ 
teractions  in  the  magnetosphere.  For  example,  on  the  night- 
side  of  the  earth  where  ip  ~  (ti„VA)  the  wave  may  damp 
«Hi'.  after  only  a  few  cycles,  forming  Pi2-type  pulsations, 
whereas  on  the  dayside.  where  ip  S>  (jx„Va)  '.  the  reflec¬ 
tance  is  high  and  waves  can  exist  for  many  cycles  as  Pc 
pulsations.  The  amplitude  of  the  wave  signals  on  the  ground 
is  alsif  controlled  hy  the  ionospheric  conductivity  and  the 
horizontal  wave  number  of  the  waves.  An  expression  re¬ 
lating  the  gntund  field  strength  h,  to  that  in  the  magneto¬ 
sphere  b„  is 


h 

K  i.. 


f4.3) 


where  h  is  the  height  of  the  E  region,  k  is  the  horizontal 
wave  number,  and  in  and  ip  arc  the  height-integrated  Ped¬ 
ersen  and  Hall  conductivities,  respectively. 

Magnetic  pulsations  amtain  inforrrMtion  aNxit  their  ^ree 
and  the  regions  through  which  they  propagate.  Accordingly, 
attempts  have  been  made  to  use  ground  observations  of 
pulsations  as  a  diagnostic  t(N)l  for  inl'erring  properties  of  the 
solar-wind  and  magnetospheric  environments.  Ground-pul¬ 
sation  characteristics  such  as  (Kcurrence  rate,  amplitude, 
and  frequency  have  been  correlated  with  various  combi¬ 
nations  of' the  solar  wind  vcl'vify  and  the  interplanetary 
magnetic -fie Id  strength  and  its  component  values,  param¬ 
eters  which  arc  important  for  generating  pulsatirms  it)  the 
solar  wind  or  at  the  magnetopause  Niundary.  Although  this 
rescrarch  is  still  in  its  infancy,  it  may  eventually  be  possible 
m  monitor  Mdar  wind  properties  from  ground-based  pul¬ 
sation  measurements,  a  much  easier  and  less  costly  tech¬ 
nique  than  in  situ  satellite  measurenKnts.  Magnetospheric 
plasma  density  is  another  property  that  would  be  useful  to 
measure  by  ground-based  obscn'ations.  and  attempts  have 
been  made,  using  the  notion  of  field-line  resonance.  As  can 
he  seen  from  Equation  (4. 1 ).  measurement  of  pulsation  pe- 
rw'd  permits  determination  of  plasma  mass  I'ensity  along  a 
flux  tube,  providing  the  standing-wave  harmonic  and  field 
geometry  are  known.  This  problem  is  further  complicated 
by  the  actual  distribution  of  mass  on  the  field  line  ami  it 
does  not  disl’nguish  plasma  species.  Nevertheless,  it  has 
been  used  to  give  estimates  of  mass  densiry  on  flux  tubes. 
Another  use  of  pulsations  as  diagnostics  of  the  magneto¬ 
spheric  environnK'nt  is  that  of  determining  substoim  onsets 
using  Pi2  pulsations.  It  appears  that  eiK'h  substornt  onset 
may  bt  asMiciated  with  a  Pi2.  althoueh  the  converse  is 
probably  not  true  The  Pi2  signal  is  particularly  useful  be¬ 
cause  it  begins  abruptly  and  can  often  be  observed  over  a 
large  ptvrtion  of  the  earth  In  space  the  signal  propagates 
faster  than  the  plasma  injected  at  substorm  onset,  and  at 
some  distance  from  the  injection  source  the  Pi2  can  be  used 
to  foretell  the  arrival  of  energetic  particles. 
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4.6  QUANTITATIVE  MAGNETIC-FIELD 
MODELS 


4.6.1  The  Internal  Field 

A  first  approximation  to  the  geomagnetic  field  near  the 
surface  of  the  earth  is  an  earth-centered  dipole  with  its  axis 
tilted  to  intersect  the  earth  at  78..S°N.  29I.0‘’E.  the  geo¬ 
magnetic  north  pole;  the  other  intersection  at  78..S'’S.  1 1 1 .0  E 
is  the  geomagnetic  south  pole.  (These  values  were  adopted 
internationally  to  define  the  geomagnetic  coordinate  system: 
however,  the  dipole  terms  of  the  first  International  Geo¬ 
magnetic  Reference  Field  (epoch  l%.‘5.0).  also  adopted  in¬ 
ternationally.  place  the  pole  at  78.56°N.  290.24°E.  and  this 
axis  is  also  sometimes  used.)  In  spherical  coordinates,  r.  fl. 
and  <t>.  with  r  measured  from  the  center  of  the  earth  and  6 
measured  from  the  dipole  axis  (geomagnetic  colatitude),  iiie 
dipole  field  has  the  vector  components 

B,  =  — r  2  cos  6 
r 

B„  =  -^  sin  »  (4.4) 

r 

B*  =  0. 

The  total  intensity  is  then 

B  =  -^  |3cos()  -I-  l|'  -  (4.5) 

where  M  is  the  dipole  moment  of  the  earth  (about  7.9  x  10'' 
T/m').  The  equation  of  a  field  line  is  obtained  by  equating 
its  sk>pe  to  the  slope  of  the  field  vector: 

rdf)  _  B»  _  tan  0 

~  "  ~y 


Integration  yields 

r  =  r,.sin’  «  (4.6) 

where  the  constant  of  integration  r,,  is  the  gevKcntric  distance 
at  which  the  field  line  crosses  the  geomagnetic  equator.  A 
magnetic  shell,  which  is  the  surface  of  revolution  generated 
by  nvtating  a  field  line  about  the  dipole  axis,  is  a  useful 
concept  in  studying  charged-particle  motion,  in  the  B-1. 
coordinate  system,  trapped  particles  which  move  adiabati- 
cally  So  conserve  three  invariants  of  the  motion  arc  confined 
to  a  shell  s4  constant  L.  The  B-L  cixvidipate  system  is. 
loughly  speaking,  a  transformatiim  of  the  actual  distivrted 
field  of  the  earth  into  an  equivalent  dipole  field  lemnloying 
a  multipole  expansion  of  the  former;  as  discussed  K'low  ). 
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and  the  shells  of  constant  L  transform  into  the  simple  mag¬ 
netic  shells  of  the  dipole  field,  with  L  =  ro- 

The  centered  dipole  is  a  poor  approximation  to  the  actual 
field.  It  yieliJs  an  equatorial  field  intensity  of  30  800  nT, 
while  the  actual  intensity  ranges  between  values  of  41  000 
and  24  000  nT.  more  than  25%  above  and  below  the  cal¬ 
culated  value.  Much  of  ;.iis  discrepancy  can  be  removed  by 
taking  the  dipole  to  be  eccentric,  a  fairly  good  fit  being 
obtained  by  displacing  the  center  of  the  dipo|e  436  km 
toward  15.6°N.  I50.9“E  and  inclining  the  dipole  axis  to 
intersect  the  spherical  earth  at  81 .0°N,  275.3'’E  and  75.0‘‘S, 
120.4°E  IParkinsoii  and  Cleary.  1958].  However,  discrep¬ 
ancies  of  about  10%  remain,  which  is  not  good  enough  for 
most  purposes.  Since  much  better  models  are  readily  avail¬ 
able  for  machine  computation,  the  eccentric  dipole  is  seldom 
used. 

‘  Any  field  derivable  from  a  potential  function  can  be 
expressed  in  terms  of  a  multipole  expansion  of  the  potential. 
The  coefficients  of  the  various  terms  can  then  be  adjusted 
by  a  least-squares  method  to  give  the  best  fit  to  the  measured 
field.  The  methodology  for  such  analyses  is  well  developed, 
and  sets  of  coefficients  along  with  computer  programs  to 
calculate  the  field  and  a  number  of  rplated  parameters  are 
readily  available.  In  simplest  form,  the  analysis  is  as  fol¬ 
lows.  The  magnetic  scalar  potential  can  be  written  as  a 
.spherical-harmonic  expansion: 


integrated  over  the  sphere  is  not  unity  but  (2n  +  1)  ^'^). 
The  coefficients  gH’.  h™.  AX’,  and  BIT  appropriate  to  this 
function,  referred  to  as  “Schmidt  coefficients”,  are  now 
quite  universally  used  in  quoting  results  of  analyses,  al¬ 
though  earlier  analyses  have  used  other  normalizations,  par¬ 
ticularly  the  Gaussian,  in  which  the  numerical  multiplier  is 
replaced  by  12"  n!(n  -  m)!/(2n)!l. 

In  the  potential,  those  terms  containing  glT  and  h”  arise 
from  sources  internal  to  the  earth,  while  those  containing 
A”  and  B”  arise  from  external  currents;  the  potential  func¬ 
tion  is  valid  in  the  space  above  the  surface  and  below  the 
external  current  sy. stem.  The  field  is  given  by 

B  =  -VV.  (4.9) 

The  northward,  eastward,  and  downward  components  of  the 
field  are  thus 
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V  =  a  2)  2  PS*  (cose) 

f) 

I 

(gJT  cos  m<ti  +  h™  sin  m6)  (4.7) 

'  cos  m<b  +  B”  sin  m<b) 
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(AS"  cos 


)  . 


where  r.  8.  and  <l>  are  the  geographical  polar  crxirdinatcs  of 
radial  distance.. colatitude,  and  cast  longitude,  and  a  is  the 
radius  of  the  earth  (a  =  R| ).  The  functions  PJ'  (cos  8)  are 
the  Schmidt  functions: 


f„.  =  I  if  m  =  0. 


(4.KI 


The  second  quantity  in  brackets  is  the  ass(Kiated  Legendre 
function  P„„(cos  8).  Its  numerical  multiplier  makes  the 
Schmidt  functiim  partially  normalized,  (Its  mean-square  value 


The  construction  of  a  model  consists  of  adjusting  the  coef¬ 
ficients  g".  I;™.  AS’,  and  B”  to  fit  experimental  measure¬ 
ments  taken  over  a  network  covering  the  entire  earth,  using 
a  least-squares  ptxKedurc  to  minimize  some  quantity  such 
as  the  weighted  sum  of  the  squares  of  the  differences  be¬ 
tween  calculated  and  measured  X.  Y.  and  Z  values.  As  the 
degree  of  the  multipole  terms  increases,  the  magnitude  of 
their  effect  decreases,  and  it  is  pointless  to  retain  more  terms 
than  are  warranted  by  the  accuracy  of  the  experimental 
measurements. 

Twenty  years  ago  all  models  were  based  on  surface 
measurements.  Since  analyses  were  unable  to  identify  con¬ 
tributions  fn>m  external  sources,  the  coefficients  A"’  aiid 
B"'  were  usually  assumed  to  be  zen>.  Although  measure- 
inents  were  not  simultaneous,  the  existing  knowledge  of  the 
secular  variation  was  used  to  adjust  them  to  a  common  epxKh 
to  which  the  resulting  model  applit*d.  The  significance  of 
coefficients  of  order  greater  than  about  six  was  dubious. 

Since  then  Held  nuxlcls  of  much  greater  precision  have 
been  developed  on  the  basis  of  data  obtained  by  low-orbiting 
polar  satellites  that  can  provide  nearly  simultaneous  cov¬ 
erage  of  the  entire  earth.  A  first  maji>r  advance  was  made 
possible  by  three  spacecraft  of  the  NASA  POGO  series, 
which  carried  accurate  total-intensity  magnetometers.  A 
second  advance  has  now  been  afforded  by  the  M. AGS  AT 
satellite,  launched  in  late  1979.  which  made  accurate  three- 
component  measurements  of  the  vector  field.  The  increased 
precision  of  these  recent  data  require  the  retention  of  higher- 
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order  coefficients  in  the  multipole  expansion;  the  latest  models 
typically  include  terms  to  order  1 3.  At  satellite  altitude  (e.g. . 
SOO  km),  these  models  specify  the  field  to  an  accuracy  of 
about  10  nT  and  clearly  resolve  regional  anomalies  resulting 
from  crustal  magnetism.  Also  discernible  in  the  data  are  the 
contributions  of  the  external  held,  including  that  of  the 
magnetic-storm  ring  current.  Since  satellite  surveys  now 
span  about  1 5  years,  the  secular  variation  can  be  increasingly 
well  determined.  Current  models  derived  from  data  span¬ 
ning  such  a  time  interval  include  the  time  dependence  by 
specifying  the  coefficients  for  a  reference  epoch  and  also 
their  hrst  and  second  time  derivatives. 

Until  recently,  substantial  discrepancies  existed  between 
models  derived  from  different  data  bases.  The  value  of  a 
standard  reference  held  was  recognized,  and  beginning  with 
epoch  l%5.0  such  a  model,  the  International  Geomagnetic 
Reference  Field  (IGRF).  has  been  adopted.  IGRF  1965.0 
was  an  average  model;  for  any  specidc  purpose  another 
model  was  likely  to  provide  greater  accuracy,  but  the  IGRF 
served  well  as  a  common  reference.  This  difficulty  no  longer 
exists;  IGRF  1980.0  is  the  most  accurate  modef  available. 
Its  time-derivative  coefficients  permit  its  use  until  1985  when 
the  ntxt  IGRF  is  scheduled.  Retrospective  studies  have  also 
resulted-in  a  Dehnitive  Geomagnetic  Reference  Field,  con¬ 
sisting  of  models  at  hve-year  intervals  (DGRF  1965.  DGRF 
1970.  and  DGRF  1975)  with  linear  interpolation  of  coef- 
heients  between  them.  The  DGRF  is  not  expected  to  be 
revised  further,  whereas  the  IGRF  may  be  (becoming  DGRF 
1980).  A  continuous  bridge  from  the  DGRF  1975  to  the 
IGRF  1980  is  made  by  the  PGRF  1975  ("P”  for  “provi¬ 
sional").  a  linear  interpolation  between  the  two.  This  pattern 
is  expected  to  be  followed  for  further  updates. 

TTte -coefficients  for  the  three  DGRF  models  and  IGRF 
1980  have  been  published  in  EoS  |IAGA.  19811  and  else¬ 
where;  those  for  IGRF  1980  are  listed  in  Table  4-1.  These 
and  other  field  models  can  be  provided  by  World  Data 
Center  A  for  RtKkets  and  Satellites  (Section  4.8.1)  in  the 
form  of  coefficients  and  computer  programs  to  generate  field 
values. 


4.6.2  The  External  Field 

Theextemal  field  is  that  portion  of  the  geomagnetic  field 
that  results  from  currents  flowing  above  the  surface  of  the 
earth.  Kven  at  the  surface  and  at  low  altitudes,  where  the 
contribution  of  the  external  field  is  a  very  small  percentage, 
measurements  are  now  sufficiently  precise  that  it  is  included 
in  the  spherical-harmonic  mtxlels.  As  the  strength  of  the 
internal  field  weakens  with  increasing '  distance  from  the 
earth,  the  external  field  becomes  relatively  more  important. 
However,  even  with  external-field  coefficients,  the  spheri- 
cal-hanyK-mic  models  described  above  lose  their  usefulness 
beyond  about  two  or  three  earth  radii.  The  reason  is  that 
the  geometry  of  the  external  field  does  not  lend  itself  to 


spherical-harmonic  analysis.  Therefore,  a  separate  model 
of  the  external  field  must  be  constructed,  and  contributions 
from  the  internal  and  external  models  can  then  be  added  to 
specify  the  total  field  at  any  location  in  the  magnetosphere. 

Large-scale  current  systems,  often  only  partially  under¬ 
stood.  are  associated  with  many  complex  magnetospheric 
processes.  However,  three  major  current  systems  appear  to 
explain  the  basic  configuration  of  the  magnetosphere;  (I) 
the  magnetopause  current,  which  creates  the  magnetopause 
and  flows  in  it.  confining  the  geomagne'tic  field  to  the  mag¬ 
netosphere;  (2)  .he  neutral-sheet  curreit.  which  is  driven  by 
the  dynamo-generated  potential  across  the  magnetosphere 
and  cau.ses  polar-cap  field  lines  to  be  drawn  out  away  from 
the  earth  into  the  tail;  and  (3)  the  ring  current,  which  consists 
of  plasma  drifting  around  the  earth  in  the  region  where  field 
lines  have  a  more  dipolar  shape.  Several  useful  models  have 
been  developed  by  Olson  and  Pfitzer  (1974.  I977|.  Tsy- 
ganenko  1 1976|,  and  others  to  compute  the  magnetic  field 
prtxluced  by  the.se  currents.  One  of  the  Olson-Pfitzer  models 
includes  the  tilt  of  the  earth  dipole;  the  other  permits  varying 
the  stiergths  of  the  three  currents  independently. 

Exti  nat-field  models  describe  a  field  configuration  that 
is  much  less  stable  than  the  internal  field.  In  studying  some 
magnetospheric  process,  the  model  can  be  used  to  describe 
the  general  field  configuration  while  the  process  is  modeled 
separately.  However,  the  currents  involved  in  the  process 
may  be  intimately  associated  with  the  model  currents.  An 
example  is  the  substorm,  in  which  part  of  the  neutral-sheet 
current  is  diverted  along  field  lines  and  through  the  iono¬ 
sphere  causing  an  abrupt  change  in  the  configuration  of  the 
magnetospheric  magnetic  field.  The  development  of  self- 
con.sistent  models  for  such  processes  is  just  beginning. 

4.7  GEOMAGNETIC  ACTIVITY  INDICES 

The  magnetograms  and  averaged  data  supplied  by  mag¬ 
netic  observatories  are  too  detailed  for  many  purposes,  and 
it  has  long  been  found  useful  to  compute  .some  numerical 
parameters  that  indicate  the  level  of  general  magnetic  ac¬ 
tivity  or  of  specific  types  of  disturbance.  The  International 
Association  of  Geomagnetism  and  Aeronomy  (lAGA)  has 
formally  adopted  19  of  more  than  30  such  indices  currently 
in  use.  A  brief  description  is  given  here  of  several  of  the 
most  useful  indices;  a  complete  review  has  been  given  by 
Mayaud  1 1980).  The  availability  and  sources  of  indices  are 
discussed  in  Section  4.8.5. 


4.7.1  General  Activity  Indices  K,  Ks,  Kp, 
and  Km 

The  K  index,  a  measure  of  the  irregular  '  ariations  of 
standard  magnetogranis.  is  an  indicator  of  the  general  level 
of  disturbance  at  a  given  observatory-.  The  index  is  defined 
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Table  4-1.  Sphcrical-haniKinic  ccwflicients  of  the  IGRF  1980.0. 


for  each  3-hour  interval  on  the  basis  of  the  largest  value  R 
of  the  3-hour  ranges  in  X.  Y.  D.  or  H.  where  the  range  is 
the  difference  between  the  highest  and  lowest  deviations 
from  the  regular  daily  variation.  The  K  value  for  a  given 
value  of  R  is  found  from  a  table  in  which  the  location  of 
the  station  has  been  taken  into  account  to  permit  comparison 
between  K  values  from  different  stations;  the  index  reflects 
mainly  auroral-zone  activity,  so  stations  nearer  the  auroral 
zone  are  much  more  sensitive.  A  two-letter  subscript  iden¬ 
tifies  the  station.  The  K|  r  index,  from  Fredericksburg.  Vir¬ 


ginia.  has  sometimes  been  used  as  a,  standard  measure  of 
activity  for  the  United  States.  K  values  are  integers  ranging 
from  0  through  9;  the  calibration  for  six  representative  sta¬ 
tions  is  given  in  Table  4-2;  it  may  be  noted  that  the  K  scale 
is  roughly  l»>garithmic  with  range. 

The  Kp  index  ("p"  for  "planetary")  is  probably  the  most 
widely  used  of  all  the  indices.  It  was  intended  as  a  measure 
of  the  worldwide  average  level  of  activity;  however,  it  is 
very  sensitive  to  certain  auroral-zone  activity  and  insensitive 
to  some  other  types  of  disturbance.  It  is  based  on  the  K 
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Tabic  4-2.  Definition  of  the  K  scale  for  six  representative  observatories 


Name  of 
Observatory 

Geomagnetic 

Lat.  Long. 

0 

1 

Lower  Limit  of  R  in  nT  for  the  K  Value  to  be 
2  3  4  5  6  7 

8 

9 

Godhavn 

79.9 

32.5 

0 

15 

30 

60 

120 

210 

360 

600 

1000 

1500 

Sitka 

60.0 

275.3 

0 

10 

20 

40 

80 

140 

240 

400 

660 

1000 

Huancayo 

-0.6 

353.8, 

0 

6 

12 

24 

48 

85 

145 

240 

400 

600 

Fredericksburg 

49.6 

349.8 

0 

5 

10 

20 

40 

70 

120 

2C0 

330 

500 

Tucson 

40.4 

312.2 

0 

4 

8 

16 

30 

50 

85 

140 

230 

350 

Honolulu 

21.1 

266.5 

0 

3 

6 

12 

24 

40 

70 

120 

200 

300 

Table  4-.V  Value  of  the  ap  index  for  a  civen  value  of  Kp. 


If  Kp  = 

Oo 

04- 

1-  . 

lo 

1  -b 

2- 

1  + 

3- 

3o 

3  + 

4- 

4o 

4-1- 

then  ap  = 

0 

2 

3 

4 

5 

6 

7 

9 

12 

15 

18 

22 

27 

32 

If  Kp  = 

5'- 

56 

5  + 

6- 

6o 

6-b  ' 

7- 

7o 

7-1- 

8- 

8b 

8-1- 

9- 

9o 

then  ap  = 

39 

49 

56 

67 

80 

94 

III 

1.32 

L54 

179 

207 

236 

300 

400 

indices  from  12  stations  between  geomagnetic  latitudes  48° 
and  0.'°.  selected  for  good  longitude  coverage.  Values  of 
K  are  first  used  to  find  the  Ks  index  ("s"  for  "standardized") 
from  tables  which  remove  the  characteristic  seasonal  be¬ 
havior  at  the  station.  The  Ks  index  ranges  continuously  from 
0.0  to  9.0  but  .  is  quoted  in  thirds  of  an  integer  by  use  of 
the  symtKils  o.  and  -I-.  such  that  the  interval,  for  ex¬ 
ample.  from  3. .“5  to  4.5  includes  the  Ks  values  4  -  .  4o.  and 
4  +  .  Ks  can  therefore  assume  the  28  values  Oo.  0  +  .  1  - . 
lo.  1  -I- . 9  - .  9o.  The  Kp  value  for  each  3-hour  in¬ 

terval  is  the  average  of  Ks  from  the  12  stations.  The  Kp 
index  is  published  in  two  forms:  numerical  tables  and  the 
"musical-note"  diagram  reproduced  in  Figure  4-26;  in  the 
diagram  each  successive  solar  rotation  is  plotted  under  the 
previous  one  to  expose  27-day  recurrences  of  activity. 

A  newer  index  Km  ("m"  for  “mondial",  meaning  global) 
has  recently  been  developed  as  an  improvernent  on  Kp.  It 
is  an  average  of  two  component  indices  Kn  and  Ks  (not  to 
be  confused  with  the  standardized  K  index  Ks)  derived  from 
northern-  and  southern-hemisphere  stations,  respectively. 
Some  of  its  advantage  lies  in  a  simpler  and  more  direct 
conversion  of  the  data,  but  the  major  improvement  comes 
from  a  much  better  geographical  distribution  of  stations. 

4.7.2  Related  Indices  ap,  Ap,  ak,  Ak,  am, 
and  aa 

Because  the  3-hour  K-type  indires  are  defined  with  a 
roughly  logarithmic  scale,  they  are  .'ot  suitable  for  simple 
averaging  to  obtain  a  daily  index  (though  this  is  nut  un¬ 
commonly  done)  To  convert  to  a  roughly  linear  scale  (that 
is.  reconversion  to  an  equivalent  range),  the  ap  index  is 
defined  from  Kp  by  use  of  Table  4-3.  and  the  daily  index 


Ap  is  then  defined  to  be  the  average  of  the  eight  3-hour  ap 
indices  for  the  day. 

In  the  same  way.  the  single-station  indices  ak  and  Ak 
are  found  from  K  by  use  of  Table  4-4.  In  this  form,  these 
indices  are  normalized  for  station  location  (because  K  is). 


Tabte  4-4.  Value  of  al(  for  a  given  value  of  K. 
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and  comparison  between  stations  is  convenient.  To  remove 
the  normalization,  these  indices  are  sometimes  multiplied 
by  a  calibration  factor  f.  given  by  f  =  R.|/250.  where  Ru 
is  the  lower  limit  of  R  for  K  =  9.  Indices  so  adjusted  are 
quoted  in  units  of  nanoteslas  Thus  at  Fredericksburg, 
f  =  (5()0nTV2.50  =  2  nT.  As  an  example  of  the  complete 
circle,  whe..  R  =  27  nT.  K  =  3,  and  ak  =  15  (dimen¬ 
sionless)  or  ak  =  30  nT. 

The  am  index  is  similarly  related  to  Km  (there  are  also 
indices  an  and  as  cruresponding  to  Kn  and  Ks),  hut  in  this 
case  the  a-lype  indices  are  derived  directly  from  the  data 
and  the  corresponding  K-type  index  follows;  that  is.  the 
awkward  conversion-reconversion  to  and  from  a  logarithmic 
scale  is  avoided.  The  am  index  is  probably,  in  many  re¬ 
spects,  the  best  worldwide  index  currently  available. 

The  aa  index  is  similar  to  the  am  index  but  is-  derived 
from  only  two  observatories  situated  ai  approximately  an- 
tiprrdal  locations  in  England  and  Australia.  Although  its 
development  in  ihe  early  1970s  was  motivated  by  the  avail¬ 
ability  of  records  from  two  old  observatories  (Greenwich 
and  Melbourne)  and  has  resulted  in  an  index  which  spans 
1 15  years  ( 1868  to  the  present),  it  has  also  proved  to  be  an 
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Table  4-5.  Scale  fitr  Knding  Cp  fnim  ihc  daily  sum  »f  ap.  Fiir  each  Cp  interval  the  value  listed  is  the  upper  limit  of  the  daily-sum  values  in  the  interval. 
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easily  obtainable  but  very  gutxl  approximation  to  the  am 
index. 

4.7.3  Character  Indices  Cp,  Ci,  and  C9 

The  Cp  index,  called  the  daily  planetary  character  figure, 
is  a  number  that  ranges  conlinuttusly  from  0.0  to  2.5  and 
is  quoted  to  tenths  of  an  integer.  It  is  found,  using  Table 
4-5.  fn>m  the  daily  sum  (the  sum  of  the  eight  .^-hour  values) 
of  the  ap  index.  It  restores  the  quasilogarithmic  relationship 
originally  intnxiuced  by  the  Kp  scale  and  later  removed  by 
the  ap  scale.  Tlu;  peculiarity  of  its  ^alc  results  from  the 
intention  that  it  should  replace  and  he  equivalent  to  a  val¬ 
uable  older  index,  the  Ci  index,  called  the  international  daily- 
character  figure.  available  for  all  days  since  ISfW.  Cp  is 
more  reliable  and  objective,  but  usually  differs  frxrm  Ci  by 
less  than  0.2.  Ci  is  obtained  for  each  Greenwich  day  as  the 
arithmetic  mean  of  the  C  index  values  from  a  number  of 
observatories;  at  each  observatory  the  C  index,  called  the 
daily  magnetic  character  index,  is  reported  as  0.  I.  or  2 
according  to  whciber  the  UT  day  is  quiet,  moderately  dis- 
tui^ed.  or  highly  disturbed,  respectively. 

The  C9  index,  which  can  be  found  fix>m  Cp  or  Ci  by 
use  of  Table  4-ft.  is  sometimes  used  in  their  place  especially 
for  graphing,  since  it  uses  the  more  convenient  single-digit 
zero-toninr  scale.  Figure  4-27  shows  a  standard  plot  of  the 
C9  index  that,  like  the  Kp  musical-note  diagram.  sIh>ws 
recurrent  27-day  activity. 

4.7.4  Auroral-Electrojet  Indices  AE,  AU, 

AL.  and  Ao 

The  AE  index  called  the  auroral  eicctrojet  activity  index 
is  derived  from  inugnctograms  from  a  number  of  auniral- 
zt>ne  stations  distributed  in  longitude.  It  is  inter'ded  to  meas¬ 
ure  the  strength  of  the  auroral  elecirojet  tabulated  for  h*nirly 
and  (to  some  extent)  2.5-minute  intervals.  Obtained  graph¬ 


ically  from  a  single  combined  plot  of  the  deviations  at  all 
stations  of  the  clement  H  fnHn  its  normal  quiet-time  value. 
AE  is  the  height  of  the  envelope  (that  is.  the  difference) 
between  the  curves  AU  and  AL  (for  "upper"  and  "lower") 
drawn  through  the  maximum  and  minimum  excursions  of 
the  deviations,  respectively.  The  values  of  AU  and  AL  are 
also  used  as  indices,  and  another  index  Ao  is  defined  to  be 
the  mean  deviation,  the  curve  midway  between  AU  and  AL. 


4.7.5  Ring-Current  Index  Dst 

The  most  widely  used  and  available  index  of  low-latitude 
activity  is  the  hriurly  Dst  index.  It  is  the  magnitutfe  of  the 
normalized  horizontal  component  of  the  Dst  field  (axially 
symmetric  disturbance),  as  determined  from  the  data  ob¬ 
tained  by  four  low-latitude  ivbservatorics  distributed  in  lon¬ 
gitude.  The  Dst  index  was  designed  as  a  measure  of  the 
magnetosphcric  ring  current  of  magnetic  storms;  therefore, 
high-latitude  and  equatorial  stations  are  avoided  to  minimize 
the  effects  of  aunvral  and  equatorial  clectixvjets.  The  deri¬ 
vation  was  described  by  Sugiura  |  I9b4|.  whtv  since  the  IGY 
has  been  the  principal  stiurec  of  this  index. 


4.7.6  Other  Indices 

The  Q  index  is  an  index  which  pnwides  better  time 
resolution  than  those  based  on  the  5-hour  K  indices,  but  its 
availability  is  limited.  It  is  a  measure  of  high-latitude  mag¬ 
netic  activity  for  each  15-minutc  interval,  assigned  by  a 
nuniber  of  observatories  abrivc  58  degrees  geomagnetic  lat¬ 
itude..  It  is  computed.  fix>m  the  nKvrc  disturbed  of  the  ele- 
oKnts  X  and  Y.  as  the  sum  S  of  the  absolute  values  of  the 
maximuni  positive  and  maximum  negative  deviations  from 
the  normal  (quiet)  curve,  with  (Ik  provision  that  if  the  "neg¬ 
ative"  ("positive")  deviation  docs  mu  indeed  become  neg¬ 
ative  (positive),  it  is  considered  to  be  zero.  The  conversion 
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CHARACTER  FIGURES  C9  AND 
3-DAY  MEAN  SUNSPOT  NUMBERS  R9 
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scale  fiir  tiNaining  Q  t’nmi  S.  applicable  to  all  stations,  is 
given  in  Table  4-7. 

The  indices  I!,  u.  u..  and  A  are  all  dc.ived  fnmi  the 
ditTen.‘nce  heiv*ecn  consecutive  daily  means  of  some  clc- 
'  ment  of  the  field.  The  U  ligua*  is  the  absolute  magnitude 
of  the  diffcance  hciv*een  the  daily  means  of  the  hori/ontal 
component  for  the  given  and  preceding  days.  The  u  figure 
is  a  rcducti*>n  of  1‘  to  an  equivalent  equatorial  value  by  the 
rclati«>n  u  =  I)  Isin  H,„  ciis  «lil.  where  H„,  is  geomagnetic 
colatitude  and  ih  is  the  angle  between  H  and  the  magnetic 
mendian.  The  U|  figure  is  obtained  from  u  by  a  nonlinear 
conversion  intended  fo  reduce  the  influence  of  large  distur¬ 
bances  These  indices  have  been  useful  historically  for  monthly 
and  annual  changes,  but  since  they  were  intended  to  measure 
ring-current  effects,  the  Dst  index  has  largely  superseded 
them. 

The  W  measure  applies  to  quiet  variation  fields  rather 
than  disturbance  phenomena,  being  derived  from  the  am- 
pliiude  of  the  Sq  variation.  It  is  a  measure  of  'olar  radiation 
effects  and  the  intensity  of  the  equatorial  electrojet  |  Bartels. 
I‘M6| 


4.8  SOURCFiv  OF  GEOMAGNETIC  DATA 

The  following  paragraphs  provide  some  specific  infor¬ 
mation  on  the  availability  of  gctvmagnetic  data.  In  recent 
years,  the  increasing  emphasis  on  global  studies  of  mag- 
netospheric  phemimena  and  the  corre'atKHi  of  satellite  and 
et*>und-based  measurements  have  ciicoaraged  the  extensive 
collection  of  such  data  at  several  data  centers  where  they 
are  made  readily  available.  For  data  that  are  ihh  archived 
there,  the  centers  can  often  provide  a  rcterral  to  an  alter¬ 
native  source 


4.8.1  Data  Centers 

,  Two  national  data  centers  in  the  United  Stales  have 
extensive  hoiilings  of  geomagnetic  data.  The  National  C»eo- 
physical  l>aia  Center  (NGIX'l  is  operated  by  N().\A  tFln- 
vmvnmenial  Data  and  Information  Service.  NO.A.A.  Db.t. 
.525  Bniadwav  .  Boulder.  CO  !«)5U5,  phone  .5<»5-4d7.6.52.5) 
The  NCilK'  is  a  recent  succesMir  to  the  National  Geophysical 
and  5«>lar-Terres|nal  Data  Center  (NCiSfX'i  and  also  starves 
intemationally  as  the  World  Data  Center  .A  for  Solar-Ter¬ 
restrial  Physics  (WIX'-.A  for  STPi  The  National  .Space 
Science  Data  Center  iNSSIX'i  is  operated  by  N  ASA  iG*hI- 
dard  Spiice  Flight  Center.  Code  Wtl .  Greenbelt .  VID  2(177 1 . 
phone  .’111 -.544-Wi‘l5)  and  also  serves  as  the  World  Data 
Center  .A  for  Kockets  and  Satellites  NGtX'  has  magneto- 
grams  las  plots  and  computer  tapes l  and  magnetic  indices 
tin  tabular,  computer  tape,  and  chart  tomi!  Both  centers 
have  space  measurements  (mostly  nomluplicativel  of  mag 
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ncf«*sphcrk  nugr.i'tic  Helds.  •■lo.-Oic  Helds,  and  L'LF  VLF 
p6en«>mena.  Bwih  vcntci.s  :ssue  vulalo^s  of  their  holdings 
and  publications  I  Alien  al  ..  1*^32;  National  Space  Science 
Data  Center.  |98l  and  lOS.Ij. 

Suheenters  «»f  the  World  l>ati’  Centers  arc  also  relevant 
to  geomagnetism.  They  arc  t>rjratii/c*d  into  WIX’-A  tsub- 
centers  in  the  L'niied  States,  including  the  two  mentioned 
aNtvei.  WDC-B  (sub.cmers  in  the  USSR,  including  t>nc 
ft>r  solar-terrestrial  phvsics  ai  IZMIRAN.  Mttscowl.  and 
WIXT-C  itwenty  subcenters  m  burope.  Japan,  and  Indial. 
WDC-A  for  STP  now  includes  in  its  catalog  the  geomagnetic 
holdings  of  WDC-B2  iM.kcowI  and  WDC-C2  (Kyotol. 

4.8.2  International  Organizations 

The  Intemational  Council  of  ScienliHc  Unions  ilCSUl 
includes  IH  unions,  which  are  nongovernmental  organi/a- 
tions  dedicatc*ii  to  scieniiHc  ptogress  in  various  disciplines; 
GeiMnagnetisti!  is  a  concern  of  the  Intemational  Union  of 
(leodcsy  and  Cieophysics  (lUCiGl.  which  in  the  past  has 
initiated  such  international  collaborations  as  the  Interna¬ 
tional  OciiphysKal  Year  and  the  International  Magneto- 
spheric  Study  W  ithin  the  lUGG  a  number  of  asniciafions 
have  been  lomK’d;  gciunagnelism  falls  within  the  concerns 
of  the  International  Asstvialiim  of  Cieomagnetism  and 
•Aeronomy  iIAG.Al  This  association  was  originally  the  Sec- 
iKm  de  Magnetisme  et  blectricite  Terrestres  i  I9IVI  and  later 
the  Irtemational  .Assix'iation  of  Teirestrial  Magnetism  and 
KIcetneity  i  l‘».^)i  before  taking  its  preseni  naoK  in  1954. 

The  IA(iA  has  histoncally  been  a  principal  source  of 
publicatHins  of  geomagnetic  data,  including  its  Bulletins  12 
senes  icovering  |94()  through  I969i  and  Bulletins  .^2  senes 
(covering  197(1  through  the  present  I  of  geomagnetic  data, 
indices,  r.inid  variations,  and  special  intervals.  The  Inter- 
natHHiul  .Service  of  Geomagnetic  Indices  (ISCili  operates 
under  supervision  of  the  lAG.A  Its  services  include  the 
a-gular  distribution  of  itic  Kp  and  C9  tables  and  charts  from 
its  Gottingen  office  (Institut  fiir  (k’ophysik.  .44  GvHtingen. 
W'.  Germany  I  Publications  of  biMh  the  l  -'G.A  and  the  ISGI 
aa*  available  from  the  Il'CiCi  f'uNications  OfHce  (.49  ter  rue 
Gay-Lussac.  75fk>5  Paris.  Franvel,  .A  cat..'og  is  available 

4.8.3  Magnetic  Stations 

.Nearly  4(10  magnetic  stations,  data  from  which  .lie  hclil 
in  the  World  Data  Centers,  are  listed  in  Table  4-X.  which 
IS  a  comlensation  lomiiting  two  ..els  of  corrected  coordi¬ 


nates!  of  Table  II  of  the  WDC-A  catalog.  .Stations  arc  listed 
in  order  of  increasing  uncorrceted  geomagnetic  colatitude. 

4.8.4  Magnetic  Field  Models 

.A  number  of  magnetic-field  nuxlels  and  computer  pnv 
grams  for  their  use  arc  now  available  from  the  National 
Space  Science-  Data  Center  [see  NSSIXT.  I9KI .  p  .S.Sj  For 
many  uses  where  the  highest  prccision  is  mg  rcquircd  hard¬ 
copy  charts  and  tables  may  be  nnirc  convenient.  The  IGRF 
1975.0  Held  is  available  in  this  fonn.  Barraclough  and  Fa- 
btano  1 1977)  present  14  charts  (elements  X.  Y.  Z.  H.  D. 
I.  F  and  the  secular  variation  in  terms  of  their  Hrst  lime 
derivalivesi  and  tablev  which  list  values  for  every  live  de¬ 
grees  of  longitude  and  every  two  degrees  of  latitude  Pub¬ 
lications  resulting  fn>m  the  most  current  work  w  iih  MAG- 
SAT  and  other  data  can  he  expected  Irom  cooperative  efforts 
at  both  NAS.A  and  the  United  States  Geological  Survey 
llaingcl.  19801 

4.8.5  Activity  Indices  and  Charts 

At  prcsem.  an  excellent  collection  of  indices  has  been 
assembled  at  the  NGDC  (Section  4.8. 1 1.  The  widely  used 
lables  and  charts  furnished  by  the  ISGI.  as  well  as  the 
puhla-ations  of  the  lAGA.  may  he  »>hiainv*d  through  the 
lUGG  Publications  OlHce  (see  Scclion  4  8,2l.  A  variety  of 
sources  current  through  1971  was  listed  by  Knechl  |I972|. 

The  periods  for  which  variivas  indices  have  been  com¬ 
puted  and  puhlivhcd  vary  greatly,  often  vlepenvling  on  the 
resourcev  available  lo  ihe  workers  wIk>  have  the  capability 
Kven  svune  of  the  currently  nnisl  useful  indices,  such  as  AK 
and  Dsl.  have  been  delayed.  .An  em|uiry  as  to  the  cunent 
covrrrage  of  any  index  i beyond  that  listed  in  the  catalog) 
may  he  directed  to  the  NGDC. 
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Chapter  5 

THE  RADIATION  BELTS 

W.N.  Spjddvik  aad  P.L.  RothwdI 


Interaction  of  the  solar  wind  flow  with  the  earth's 
nufnetic  field  gives  rise  to  a  cavity  in  the  interplanetary 
medium  known  as  the  earth's  magnetosphere.  Within  this 
oivity  there  exists  a  limited  region  where  the  i.iotion  of 
energetic  panicles  is  confined  by  the  eanh's  magnetic 
field.  Iliis  region  comprises  the  eanh's  raJiaiion  hells  as 
depicted  in  Figure  5-1.  The  radiation  belt  region  contains 
etectrons.  protons,  helium,  carbon,  oxygen,  and  other 


Ktjuft  5-1  t»t  fh«*  t'.inhV  m.rj'TKi«»^phx-fr  in  the  mnm- 

mKlntpht  mcridtan  '•hciwinp  rrLitt\<'  UH  jittms  ih^htU 
frpi«>ft>|  «»f  the  cjrth\  r^ufum  hcits  m  the  tncr.in  m-ipne- 
Itwphcrii: 


ions  with  energies  from  less  than  I  keV  tii  hundreds  of 
McV.  Particles  below  20(1  keV  energy, represent  the  prin¬ 
cipal  corpuscular  erwrgy  density  and  lorm  the  estrater- 
restrial  ring  current.  Confinement  lor  trapping)  of  these 
panicles  results  from  the  dipolar-like  topology  of  the 
geomagnetic  field  which  is  characteri/erl  by  magnetic 
field  lines  that  converge  at  high  latitudes  towards  the 
poles  resulting  in  a  relative  tninimuni  magnetic  iicld 
strength  region  in  the  vicinity  of  the  geomagnetic  equa¬ 


tor.  Figure  S-2  illustrates  principal  aspects  of  a  charged 
particle  trajectory  in  magnetic  mirror  field  geometry.  The 


m  2 


kigiirr  S-2  A  chargnJ  pamck  iraieiiorv  in  a  magnetic  "tnailc'  t'on- 
scrvalion  ol  ihc  lirM  aJiaSaiH'  invarvanr  can  cause  ll<e  spiral¬ 
ing  pariK'le  In  he  rellecleil  where  iht  magneta  OcM  W 
ciriinger  I  hi»  cauves  the  pansle  In  he  trapped  hv  the  mag- 
neric  lield 


magnetic  force  ( F  er  V  *  B)  deflects  the  particle  velocity 
vcctrrr  V  M»  that  the  particle  spirals  around  the  magnetic 
field  B.  The  convergence  of  the  magnetic  lines  of  force 
cause*  a  tightening  of  the  spiral  angle  and  eventually  a 
rclk*ctir>n  r>f  the  particle  from  the  high  magnetic  field 
region  (mirror  pointf  for  this  rea-son  the  earth's  magnetic 
,  fieW  is  capable  of  confining  charged  particles.  A  detailed 
account  ol  single  particle  motion  in  magnetic  fields  is 
found  in  RiK'dcrer  ( I‘f7()j. 

lo  a  lair  approximatiim.  the  earth's  magnetic  field  in 
the  radiation  hell  region  can  he  dcscrihed  in  terms  of  a 
magnetic  dipde  ItKalcd  near  the  center  ol  the  earth.  1  he 
dipole  moment  is  M  -  l)..t|2  (i  R|'.  and  the  dipole  is 
directed  so  that  the  magnetic  south  pole  on  the  earth's 
surface  is  liH'ated  in  northern  (ifecnland  (geographic 
ciMirdinates;  7H.5®N.  2*(|‘  I  );  on  the  earth.' the  northern 
end  ot  the  compass  needle  points  to  this  location.  The 
spiiiial  disiribulion  of  the  dipolar  magnetic  Iicld  strength 
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where  K  U  (he  laJial  di>lancc  mcaMired  Irom  the  center 
<>l  the  earth.  R|  is  the  radiuN  ot  the  earth.  K|  =  It  .^12  Ci  in 
the  et^ualorial  field  at  K  ^  K|  and  A  is  magnetic  latitude. 
A  detailed  account  of  the  earth's  magnetic  field  and  its 
variahility  is  lounU  in  Chapman  and  Bartels  |  I't^l  |.  Since 
the  geomagnetic  Held  is  inhomogeneous,  a  radiation  belt 
particle  experiences  varying  magnetic  Held  strengths  over 
its  trajectory,  field  variations  on  a  length  scale  of  the 
order  ol  the  particle's  gyroradius  cause  a  net  drift  across 
the  magnetic  lield  in  the  u/imuthal  diiection  around  the 
earth  as  illusiratet*  in  figure  .^-.1.  This  is  a  direct  result  of 
the  field  strength  being  greater  closer  to  the  earth  causing 


I  ictirc  '  V  Sihcm.iiii  fcpTt'vrnfiilit»n  ol  (he  ami  ;*/iniu!hai 

drill  iM'lfil  ol  an  VA|ua(«>r>;tn>  pfoi*iri  vuih 

curtcnl  p.lltcln^  <d.i>hcd  curscsl  and 

I  an/iroiu.  W*4| 

the  particle  orbital  radius  ol  curvature  to  be  less  there. 
1  he  direction  of  the  magnetic  force  depends  on  the  sign 
of  the  particle  charge:  electrons  drilt  eastward  and  posi¬ 
tive  ions  drift  westward.  I  hus  the  energetic  trapped  par¬ 
ticles  arc  spread  out  in  a  belt-like  configuration  around 
the  earth,  forn.ing  the  rmliation  ht'hs 

RiKliatiori  belt  elections  ;/)ove  at  very  high  speeds, 
for  evample.  electrons  with  a  kinetic  energy  ot  5<kl  keV 
move  .It  the  speed  ol  light  Radiation  belt  electrons 
inii'l  thus  be  studied  using  relativistic  theory.  Ions, 
because  I hcv  are  subsiaiiliallv  heavier,  generally  move  at 
siibrel.i'iv isiic  velocities:  at  5tHl  keV  the  proton  specil  is 
,t'(  ol  the  speed  of  light,  while  the  heavier  ions  are  even 
slower  .11  the  same  energy 

fhc  compoMtior,  and  fl’.iv  intensities  of  the  earth's 
radiation  belts  are  dctertiiintd  by  the  strength  of  the 
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sources,  internal  transport  priK-esses.  and  loss  mecha¬ 
nisms.  I  he  outer  boundary  of  the  radiation  belt  trapping 
region  occurs  at  the  point  where  the  magnetic  field  i.i  no 
longer  able  to  maintain  stable  trapping,  and  at  low  alti¬ 
tudes  the  earth's  atmosphere  forms  an  effective  boundary 
for  radiation  belt  particles.  During  gcomagncticiily  quiet 
conditions,  the  radiation  belt  region  extends  from  the  top 
of  the  atmosphere  along  dipole  field  lines  to  an  equator¬ 
ial  radial  distance  of  at  least  7  earth  radii,  f  ncrgetic  ions 
and  electrons  that  encounter  the  dense  atmosphere  col¬ 
lide  with  the  atmospheric  constituents  and  are  readily 
lost  from  the  radiation  belts.  Particles  with  mirror  points 
well  inside  the  atmosphere  fnominally  below  ~I(X)  km 
altitude)  are  said  to  he  within  the  atmospheric  (bounce) 
Ions  ftuH-.  Kinematically,  the  angle  hctwix*n  the  velocity 
vector  ot  such  particles  and  the  magnetic  field  direction 
(the  pilch  angle)  at  the  equator  is  below  a  certain  value, 
known  as  the  toss  cone  angle,  figure  5-4  exemplific*s  (his. 


I~iffurc  5-4  lltusirjiion  i»t  mii{;nclH'  rntriDrinit  in  u  liipolur  ma^nctK. 

fickJ  I  he  single  p;irtiklc  tr;Mcctt*r\  shovkn  m  the  M>iid  line  i> 
foi  ;i  partK'U'  oiiImJc  ihi-  ainw»splK*r)c  h«)unu*  loss  uim*  aru) 
Ibe  JashetJ  line  represents  ihe  tiaKVtor>  of  a  partielc  inside 
the  Ims  corn.'  Ihe  latter  particle  « ill  encounter  the  dvnsef 
parts  til  the  earth's  atmttsphi're  tiniiror  p^unt  heiKht  miini* 
n.i!K  fH'hm  kmt  and  vkill  thus  precipitate  from  tfn-  tadi- 
ati«)n  hells 


The  earth's  radiation  environment  is  best  studied  with 
combined  experimental  and  theoretical  means.  On  one 
hand,  it  is  impossthle  to  encompass  the  entire  magneto¬ 
sphere  by  experimental  techniques  or  even  to  measure  all 
the  physical  parameters  that  may  have  hearing  on  the 
Jynamieal  phenomena:  on  the  other  hand,  this  environ¬ 
ment  is  so  complex  that  there  can  be  little  hope  ol  theo¬ 
retically  prevlieting  Ihe  total  radiation  bell  behavior  solely 
from  a  set  ol  mathematical  postulates  for  evample,  the 
governing  ditiusion  equations  describing  Ihe  trapped 
radiation  ptienomena  may  be  known  in  analytic  lorin. 
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but  the  transport  coetficients  that  enter  into  them  must 
be  empirically  determined. 

This  chapter  gives  an  accoutit  ot'  these  and  other  ap¬ 
plied  concepts.  The  T  '.rent  state  of  knowledge  of  the 
geomagnet ically  trapi  .idiation  is  described  both  from 
the  theoretical  perspeciivc  and  from  direct  observations. 
We  demonstrate  how  this  knowledge  is  used  to  construct 
physical  models  of  the  radiation  belts.  Empirical  radia¬ 
tion  belt  models  based  on  data  compiled  from  many 
spacecraft  and  a  brief  survey  of  man's  interaction  with 
geospace  are  also  presented. 

5.1  THEORETICAL  PRELIMINARIES 

The  difficult  mathematical  problem  of  the  motion  of 
energetic  charged  particles  in  a  .dipolar  magnetic  field 
was,  extensively  studied  during  the  first  half  of  the  twen¬ 
tieth  century.  A  general  analytic  solution  to  the  equation 
of  motion  was  never  found,  and  in  most  ca.ses  particle 
orbit  tracing  had  to  be  done  numerically.  The  interested 
reader  is  referred  to  Stormer  ( I955J.  Physical  approxima¬ 
tions  that  lead  to  great  simplification  have,  however, 
been  found.  This  is  known  as  the  adiahatu-  theory  for 
trapped  particles  [Alfvcn  and  Ealthammer.  1%.^].  and 
the  earth's  radiation  belts  have  now  been  successfully 
described  in  terms  of  adiabatic  invariants  and  their 
perturbation. 


S.i.I  Single  Particle  Motion 

An  ensemble  of  ions  and  electrons  moving  in  space 
constitutes  a  plasma  that  can  exhibit  many  modes  of 
collective  as  well  as  single  particle  behavior.  In  the  pres¬ 
ence  of  electric  (£)  and  magnetic  |B)  fields  these  parti¬ 
cles  are  subject  to  the  electromagnetic  l.orentr  force. 
F  =  q(E  ♦  V  *  B).  where  q  and  V  ire  the  particle  charge 
and  velocity  vector  respectively.  For  ions  q  =  Ze.  where 
Z  is  the  ionic  charge  state  and  e  is  the  unit  charge;  for 
electrons  q  =  e.  This  ftirce  controls  the  particle  motion, 
and  coHectively  the  ensemble  of  charged  particles  can 
m<xlify  the  fields  through  induction,  charge  separation, 
and  electrical  currents  formed  by  differential  ion  and 
electron  motion.  When  the  latter  effects  are  negligible, 
the  panicles  move  ind-pendently  of  each  other  and  the 
.single  partit  le  motion  approximation  is  applicable. 

For  geomagnet  ically  trapped  particles  there  exist 
three  quasi-peritxiic  motions:  gyro  motion  around  the 
magnetic  field  lines,  bounce  motion  between  the  t.mju- 
gate  mirrorpsiints.  and  drift  motion  around  the  earth.  The 
fundamental  physics  in  tnis  approximation  is  described 
in  detail  b\  Alfven  and  F.iilthammar  [I9f>.'^i).  One  should 
note  that  the  frequencies  assiKialed  with  each  of  these 
periodic  motions  are  such  that  f^.,,,,  >>  fh„un,T  »  fjriti- 
For  this  reason  the  three  types  of  motions  are  largely- 
uncoupled.  Figure  5-5  illustrates  numeri.'al  values  of 
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Figure  5-5.  I  he  gvraiion.  hounce.  and  drill  Irequcncies  lor  cqualorially 
mirroring  panicles  in  a  dipole  licid  us  lunclion  ol  I. -shell  for 
diflerent  panicle  energies  [Shulz  and  I  an/crolli.  I974|: 

these  fundamental  particle  motion  frequencies  for  pro¬ 
tons  and  electrons  in  the  earth's  radiation  belts  [Schulz 
and  Lanzerotti,  1974]. 

5.1.2  Adiabatic  Invariants 

In  general,  the  motion  of  charged  particles  is  such 
that  momentum  and  energy  can  be  transferred  between 
the  different  particles,  and  between  the  particles  and  the 
fields  that  influence  their  motion.  Therefore,  it  is  not 
always  possible  to  identify  constants  of  motion.  How¬ 
ever.  under  certain  conditio:.-,  these  energy  and  momen¬ 
tum  exchanges  are  very  small,  and  it  is  possible  to  iden¬ 
tify  specific  quantities  that  remain  virtually  unchanged 
with  the  particle  motion.  Ihcse  are  called  adial-’iH 
invariants. 

Associated  with  each  of  the  three  quasi-periodic 
modes  of  motion  is  an  adiabatic  invariant  related  to  the 
Kamilton-Jacobi  action  variable: 

|P*^AJde  (5.2) 


where  d  f  is  a  vector  line  element  along  the  path  of  inte¬ 
gration.  Here  P  is  particle  momentum  and  A  is  the  mag¬ 
netic  vector  potential  (that  is.  B  V*  .A).  I  he  integration 
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is  extended  over  the  particle  orbit  for  gyrb  motion, 
bounce  motion,  and  azimuthal  drift  motion  (for  i  =  1,2, 
3  respectively).  If  the  particle's  trajectory  closed  exactly 
on  itself,  then  the  action  variables  J;  would  be  absolute 
constants  of  motion.  Finite  spatial  and  temporal  varia¬ 
tions  in  B  prevent  perfect  closure,  and  thus  the  Jjs  are  at 
best  approximate  constants. 

5.1.2.1  First  Adiabatic  Inveriant.  J|  is  obtained  by  eval¬ 
uating  the  integral  in  Equation  (S.2)  over  the  particle 
gyro  motion  only,  that  is,  over  the  uarticle  orbit  projcc- 
UoD  in  a  plane  perpendicular  to  B.  Using  subscripts  II  and 
X  to  denote  directions  parallel  and  perpendicular  to  B, 
and  by  virtue  of  Stokes'  theorem  [Schultz  and  Lanzer- 
otti.  1974]  one  derives 


where  the  relativistic  factor  y  =  I  vl-vT/^.  p  is  an 
approximate  constant  of  motion  when  both  of  the  fol¬ 
lowing  conditions  are  fulfilled: 

~  The  spatial  scale  of  B-field  variation  is  much 
larger  than  the  particle  gyroradius 

»  Pg  =  Px/B|q!  =  yntoV  sina/B|q|  (5.6) 


The  time  scale  of  change  of  the  B-field  is  much 
larger  than  the  particle  gyroperiod 

T»Tg  =  2n-pg/vx  =  2B-7mo/B|q!.  (5.7) 


J|  =  XirpgPj.  +  I  trp^B  .  (5.3) 

where  B  =  |B|,  p  is  particle  momentum  and  pg  =  Pj_/|q| B 
is  the  particle  gyro  (or  cyclotron)  radius.  From  this,  one 
defines  the  first  adiabatic  invariant 


5.I.2.2  Second  Adiabatic  Invariant.  J2  is  obtained  by 
evaluating  the  integral  in  Equation  (5.2)  over  the  bounce 
trajectory  and  averaged  over  the  gyro  motion,  or  equiv¬ 
alently  along  the  magnetic  field  line  (guiding  center  field 
line)  around  which  the  particle  gyrates,  and  thereby 
defining  the  second  adiabatic  invariant: 


_  _  P^  sin^a 

^  2mjB  2moB 


(5.4) 


also  known  as  the  relativistic  magnetic  moment.  Here  mg 
is  the  particle  rest  mass,  and  a  =  arc  sin  (B  •  P,  PB)  is  the 
pitch  angle  illustrated  in  Figure  5-6. 


Figure  5-6.  A  particle  niih  its  veUxity  \ec!(ir  inclined  to  the  magnetic 
field  at  an  angle  o.  This  angle  is  called  the  particle  pitch 

atJgk;. 

For  noh-relativistic  particles. 


B 


(5.5a) 


where  is  the  particle  kinetic  energy  associated  with  the  . 
directions  perpendicular  to  the  local  magnetic  field  direc¬ 
tion.  while  for  relativistic  particles 


(5.8) 


where  dS  is  an  clement  of  length  along  that  field  line 
segment  and  S  m  is  the  curvelinear  distance  of  the  mir- 
rorpoints  from  the  equator  measured  along  the  guiding 
center  magnetic  field  line.  Since  equatorially  mirroring 
particles  (a„  =  n-/2)  do  not  have  any  bounce  motion,  it 
follows  that  J=0  for  such  particles. 

Provided  the  particle  mirrorpoints  are  above  the 
dense  atmosphere.  J  will  remain  an  approximate  con¬ 
stant  when  the  time  scale  of  B-field  variation  is  much 
larger  than  the  particle  bounce  time  between  the  conju¬ 
gate  mirrorpoints 


T  »  r„  = 


*em 

/ 

tin 


d«'V|[(e).  .  (5.9) 


Constancy  of  the  first  adiabatic  invariant  p  implies 
that 


sin-o„  _  sin^g 
B.,  "  B 


^  =  constant 

“m 


(5.10) 
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over  the  bounce  motion  between  the  mirror  points.  Here 
tl.c  subscript  zero  denotes  equatorial  quantities  and  Bn,  is 
the  magnetic  field  induction  at  one  of  the  mirror  points 
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(where  a  =  n-/2).  Equation  (5.10)  is  known  as  the  mirror 
equation.  Using  (S.IO)  one  finds 


’Km 


d*(l  -  ^  sinZffo) 


^Km 


)-  (5.11) 


Although  Equation  (5.17)  cannot  be  solved  explicitly  for 
Xm(ao)>  >  numerical  solution  is  easily  obtained,  or  one 
may  approximate  as  in  Hamlin  ct  al.  [19£l] 

cosXm(«o)  “  [sinoo] '  .  (5.18) 

It  should  be  emphasized  that  using  a  dipolar  mag¬ 
netic  field  representation  explicitly  disregards  any  azi¬ 
muthal  asymmetries  of  the  geomagnetic  field.  Such 
asymmetries  do  exist  and  become  significant  beyond 
L=5.  Under  such  conditions  a  different  magnetic  field 
representation  should  be  used,  and  this  is  outlined  in 
S^ion  5.6.I.4. 


and  in  dipolor  coordinates  (Equation  5.1 1)  becomes 


Tb  =  -f-  T(ao). 


where  T(ao)  w  the  bounce  time  integral  given  by 


T(ao)  = 


/cos  X  [4-3  cos^X]  dX 


and  X^ffto)  is  the  magnetic  latitude  of  the  mirrorpoint 
which  depends  on  the  equatorial  pitch  angle  Oq. 


To  a  fair  approximation 

Tfffo)  •*  1.30-0.56  sinofo  [Hamlin  et  al.,  1961] ,  (5.14) 
or  alternatively 

T(«o)  ~  1.3802-0.3198  (sinoo  +  [sinad'/^) 

[Schulz  and  Lanzei-otti,  1974].  (5.15) 


Other  approximations  are  given  by  Davidson  [1973]. 
Gradients  of  T(ao)  should,  however,  not  be  derived  from 
such  approximations.  From  Equations  (5.1)  and  (5.10)  it 
follows  that 


B  =  “  =  ^ 

sin^Oo  L^sin^Oo 


5.1,2J  Third  Adiabatic  Invariant.  Jj  is  obtained  by 
evaluating  the  integral  in  Equation  (5.2)  over  the  particle 
drift  motion  around  the  earth,  and  averaged  over  gyro 
and  bounce  motion 


J3=  n 


where  4  is  the  magnetic  flux  enclosed  by  the  azimuthal 
drift  orbit  and  1  is  linear  azimuthal  distance.  Using 
Stokes’  theorem  yields 


=  ^  A  •  dl  = J  ®  •  dS, 


where  S  is  a  surface  bounded  by  the  azimuthal  drift  path. 
In  a  dipolar  magnetic  field  one  calculates  [Roederer, 
1970] 

2»rBE  R| 

^  ^  C  dr  >«ex 


where  L  is  the  Mcllwain  [1961]  L-parameter. 

J3  wili  remain  approximately  constant  when  the  time 
scale  of  B-field  change  is  much  longer  than  the  azimuthal 

drift  time  Tj  =(£  ds/Vj  around  the  earth.  Determina¬ 


tion  of  the  azimuthal  drift  velocity  is  discussed  in  the 


next  section. 


where  in  a  dipolar  magnetic  field  L  =  (R/  Re)  is  the  equa¬ 
torial  distance  of  a  given  field  line,  and' 


sin^Oo  = 


cos^XmlOo) 
[4-3  COs2Xm(ao)]' 


5.1.3  Particle  Drift  Motion,  in  a  uniform  magnetic 
field,  charged  particles  execute  a  spiral  motion  such  that 
the  angle  between  the  particle  velocity  vector  and  the 
magnetic  field  direction  (the  pitch  angle)  remains  con¬ 
stant.  When  the  magnetic  field  lines  converge,  the  parti¬ 
cle  will  respond  to  an  effective  net  magnetic  force  from 
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higher  to  lower  magnetic  field  strengths.  This  is  illus¬ 
trated  in  Figure  5-7.  The  physical  reason  for  this  force  is 


(a) 


(b) 


Hjnire  .S-7.  (a)  Particle  motion  in  a  uniform  magnetic  field  (uniform 
.spiral  motion). 

(b)  I  he  tiglttening  of  spiral  motion  in  a  converging  magnetic 
field. 

(e)  lllu.vtraiion  of  magnetic  force  with  gyroaveraged  ict  com¬ 
ponent  In  the  VB  direction  in  a  cimvcrging  magnetic 
field. 


that  the  particle  gyro  motion  produces  an  elementary 
current  (which  m'.xy  be  interpreted  as  a  magnetio  dipole 
current  loop).  For  each  such  loop  the  effective  current  is 


'P  ■  dl  ‘  2n-pj,m^,7  ’ 


(5  22) 


where  Pg  is  the  mean  gyroia  ius  over  the  loiop.  The  mag¬ 
netic  moment  of  a  current  loop  enclosing  an  area  d  is 


M 


'P  ^  2m„7B 


(5.23) 


where  A  ~  rrp},,  which  is  the  particle  magnetic  moment 
itself  The  particle  will  therefore,  averaged  over  its  gyr- 
motion,  be  subject  to  a  net  force  F  =  M\.  |B>  in  the 

direction  along  the  field  lines  away  from  the  higher  field 
region. 


In  general,  the  magnetic  field  may  also  have  an  inten¬ 
sity  gradient  across  the  field  lines.  This  is  illustrated  in 
Figure  5-8.  Charged  particles  moving  in  such  a  magnetic 


Figure  5-8.  (a)  A  uniform  B-ficId  where  field  lines  are  represented  as 
evenly  spaced 

(b)A  magneiic  field  with  increasing  strength  perpendicular 
to  B.  represented  as  denser  field  lines  with  increasing  B. 


field  will  have  a  smaller  gyroradiits  in  the  higher  field 
region  and  a  larger  gyroradius  in  the  lower  field  region. 
As  a  consequence,  there  wih  be  a  net  drift  velocity  per¬ 
pendicular  to  the  magnetic  field  direction.  In  this  figure 
a  positive  charge  would  drift  into  the  paper  and  a  nega¬ 
tive,  charge  out  of  the  paper.  Defining  the  angular 
gyrofrequency 


D  = 


lql  B  ^ 

m,.,7C 


(5.24) 


one  can  express  the  instantaneous  vector  gyroradius  as 


-  P  8  _  P  X  B 


(5.25) 


ard  the  drift  velocity  is  then  Ihe  time  rate  of  change  of  pg 


Vu  = 


dPg 

dt 


qB2  Vdt  / 
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»hcr«  it  i\  il^^umcd  ih4i  the  magnetic  ricid  is  conMant  in  tchich  n'm-relativistically  becomes 
dp 

lime  »"ih  f  :  —  hems  the  net  li»rcc  due  to  the  cross-B  ,  - 

di  2ceu 

gradicni.  OIK  oNams  the  “gradient  drift'  "  qg.t  ) 


(5.33) 


M 


I  Mr  IB.  >  B). 


-  ir  IB*  -  Bi. 
hb-’ 


cB-’ 


2m„q  vB* 

»hKh  m>n-ce(atiMsiK'all\  is  jusi 


c« 


iB«r  iBii 


(5.27a) 


(r.  !BI  -  B). 


f5.27b) 


Although  the  effect  of  the  earth's  gravitational  Held  is 
rather  small  compared  to  other  forces  on  radiation  hell 
particles,  it  can  easily  he  inctuded: 


cm„7 

^a'- 


(«»  B) 


(5..34) 


where  g  is  the  vcctoi  gravitational  acceleration. 

The  effect  of  a  weak,  externally  imposed  electric  field 
is  also  casilv  taken  into  account: , 


E  X  B 


(5..15I 


I  he  earth's  magnetic  field  is  also  cursed  (that  is.  the 
dipolar-like  field  lines  form  l«H»ps  from  pole  to  pole),  and 
the  field  line  radius  of  curvature  is  given  hy 


„  R.i  .  (l♦3sin-X)' * 

R,  -  —  cosA  - - 7-  . 

■’  I  ♦sin- A 


|5.») 


where  the  ’ndividual  fWld  lines  arc  descrihed  by  the 
dip«»le  relation 


R  =  R,,  cos-A 


(5.29) 


The  electric  field  drift  is  inJf/H-mleni  of  particle  charge 
and  mass  as  long  as  cither  is  non-rcro.  Thus,  under  the 
intluencc  of  an  electrostatic  field,  ions  and  electrons  drift 
'together  (plasma  flow),  while  under  the  inlluencc  of  an 
inhomogeneous  magnetic  field,  oppositely  charged  parti¬ 
cles  drift  in  opposite  directions  (causing  current  flow). 

The  total  particle  drift  velocity  is  then  the  superposi¬ 
tion  of  the  contributing  drifts: 


Vj  =  c 


2p-’ 


2m,.7qB 


;  (Bxr  JB| ) 


(5.3ft) 


With  K  ;  Rj  I  (has  a  charged  particle  moving  in  that 
field  will  experience  a  centfitugal  lorcc 


c  tfi.V 

(E  *  B)  ♦  c  — -  (g  X  B) 


P- 


m,,7R^ 


(5..W) 


where  »  is  a  unit  vector  in  the  direction  away  from  the 
insiant.incmis  field  lirK  center  of  curvature  Thiscausesa 
drift  vciiwitv 


(5  3l» 


'  e.  ♦  2e, 

Vj  - - -T-  (B  X  Vi  iBj  > 

qB' 


r  m.i7f-' 


(5.37) 


In  the  dipolar  magnetic  field  representation  an  approxi¬ 
mate  formula  for  the  drift  period  is  given  hv  Davidson 
[1977) 


am!  in  the  absence  of  significant  plasma  currents 

V  «  B  tandV  _  B  -  n[RiK'dcrer.  1970).  and  one 
can  write 


cp- 


(B  'V  .  B  ; . 


(5  32) 


Ta  - 


I.4.7K 


I  7(V  c)-,  ( l+0.42sinnr„) 


(5..18) 


where  K,  =  1.030X  *  (O*  seconds  for  electrons.  ,K,  -  5.ft55 

47r  Z'  B,  Rf 

seconds  for  protons,  and  K,  =  — ^7- — — : —  for  ions  of 


mass  M,  and  charge  state  7.,. 


3M, 
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The  cartoon  in  Figure  5-9  illustrates  the  principal 
drift  effects  associated  with  the  different  drift  mecha¬ 
nisms.  In  Equations  (5.36)  and  (5.37)  the  terms  are  listed 
ill  order  of  their  importance  in  the  radiation  belts.  Above 
~I0  keV  the  magnetic  gradient  curvature  drift  is  ^ner- 
ally  strongest,  and  static  electric  field  and  gravity  effects 
are  usually  neglected  in  radiation  belt  studies.  The 
gradient-curvature  drift  carries  energetic  electrons  lo- 
waids  the  east  and  ions  to  the  west.  Thus  there  will  be  a 
net  westward  electrical  current  encircling  the  earth.  This 
is  the  extraterrestrial  ring  current.  These  findings  are 
summari^ed  in  Figure  5-10. 
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Figure  5W.  Summary  illuMrution  of  drift  of  hojli  positive  and  negative 
charged  particles  in  a)  a  uniform  B-ficld.  no  external  force; 
h)  a  uniform  K-(ield  with  a  perpendicuhir  electric  field;  cf  a 
uniform  H-fie)d  with  an  external  torce  which  is  independent 
of  electric  charge  such  a>  gravity:  and  dl  a  B-r»cld  with  a 
gradient  [Alfven  and  Falthammar.  I%.1}. 


5.2  TRAPPED  RADIATION  SOURCES 

Precisely  where  the  radiation  belt  particles  come  from 
and  how  they  are  accelerated  to  energies  in  the  keV  and 
MeV  range  are  still  areas  of  research  for  which  a  com¬ 
prehensive  answer  is  not  yet  available. 


5.2.1  Qualitative  Description 

A  number  of  sources  are  considered  responsible,  and 
the  effectiveness  of  each  probably  also  varies  with  timi;; 

1.  Particles  from  the  sun,  including  solar  wind  parti¬ 
cles  and  energetic  solar  particle  emissions,  possi¬ 
bly  via  magnetotail  storage.  For  a  description  of 
solar  cosmic  rays  see  Chapter  6. 

2.  Particles  from  the  earth's  ionosphere,  including 
the  polar  wind  flow  into  the  magnetotail,  particles 
flowing  up  the  magnetic  field  lines  to  form  the 
plasmasphere  and  particles  accelerated  out  of  the 
auroral  ionosphere  (Chapters  8  and  9). 

3L  Cosmic  ray  albedo  neutron  decay  (CRAND) 
within  the  trapping  region. 

4.  Particles  arriving  at  the  earth  having  been  accel¬ 
erated  in  interplanetary  shock  waves  or  in  the 
magnetospheres  of  other  planets. 

S  Low  Energy  components  of  galactic  cosmic  rays 
(Chapter  6). 

6.  In  situ  acceleration  of  pre-existing  low  energy 
trapped  particles  within  the  radiation  belts. 

The  solar  wind  flows  past  the  earth's  magnetosphere 
virtually  at  all  times  (Chapter  3).  Some  of  these  particles 
may  find  their  way  through  the  outer  regions  of  the 
magnetosphere  to  the  stable  trapping  region  [Hovestadt 
et  al.,'  1978];  this  process  may  be  particularly  effective 
during  periods  of  southward  heliospheric  magnetic  field. 
Direct  transient  injections  of  solar  energetic  particles 
probably  also  occur,  particularly  in  conjunction  with 
magnetic  Mr r. ns. 

Ionospheric  particles  diffusing  out  of  the  polar  iono¬ 
sphere  (polar  wind)  escape  into  the  magnetotail  region 
from  which  some  may  become  energized  and  injected 
into  the  trapping  region.  Auroral  electric  fields  are 
intermittent  and  can  have  a  significant  component  paral¬ 
lel  to  the  magnetic  field,  and  ions  and  electrons  from  the 
topside  auroral  ionosphere  can  be  accelerated  to  multi- 
keV  energies.  The  wave  fields  associated  with  plasn^a 
waves  may  also  cause  particle  acceleration.  This  could  be 
a  source  of  H*,  He*.  O*.  and  electrons  provided  other 
processes  act  to  trap  the  particles. 

Cosmic  rays  impacting  the  earth’s  atmosphere  under¬ 
go  nuclear  reactions,  and  a  flux  of  neutrons  escapes  from 
the  top  of  the  atmosphere.  Free  neutrons  are  unstable 
and  decay  into  proton,  electron  and  neutrino  triplets  on  a 
time  scale  of  ~I000  seconds.  If  the  electrically  cha.'ged 
decay  products  find  themselves  within  the  radiation  belts, 
they  will  immediately  be  subject  to  the  magnetic  force 
and  may  become  trapped.  Empirically,  this  is  an  impor¬ 
tant  source  of  multi-MeV  protons  in  the  innermost  part 
of  the  inner  radiation  zone  (L  ^  1.5).  There  is  little  direct 
information  about  the  efficiency  of  direct  extraterrestrial 
energetic  particle  trapping  in  the  radiation,  belts.  One 
may  surmise,  however,  that  time  variability  of  the  geo¬ 
magnetic  field  is  needed  for  trapping  to  occur  or  that 
incident  extraterrestrial  energetic  ions  in  low  charge 
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stati'N  (lor  example  C*  and  O')  may  chal'^e  exchange  to 
higher  charge  states  (for  example.  C'*'*  and  O’*')  within 
the  magnetosphere  so  that  their  gyro  radii  become  small 
enough  (p^  =  P,  qB)  for  trapping. 

The  plasma  sheet  in  the  earth's  magnetotail  is  consid¬ 
ered  an  important  reservoir  for  radiation  belt  particles. 
However,  the  plasma  sheet  particles  them.selves  are  likely 
to  be  a  mixture  of  particles  Irom  several  of  the  prime 
sources  mentioned  above.  During  magnetospheric  sub- 
stontis  plasma  sheet  particles  convect  inward  toward  the 
earth,  and  in  the  process  can  be  accelerated  and  may 
become  trapped  in  the  radiation  bells,  linfortunatciv.  lit¬ 
tle  is  known  about  the  specific  details  of  the  time 
dependent  trapping  priKcss  and  it  is  not  yet  possible  to 
make  a  quantitative  ev  aluation  of  the  strength  and  char¬ 
acteristics  of  this  sof.rcc.  • 

Current  research  also  points  to  the  earths  ionosphere 
as  an  important  contributor  tvi  the  lower  energy  particle 
population  below  a  few  tens  of  kcV.  perhaps'  with  a 
roughly  equal  contribution  from  solar  wind  particles.  In 
contrast,  the  high  energy  particles  above  ^500  keV 
appear  to  have  an  extraterrestrial  source.  Ihe  former 
conclusion  is  derived  from  observations  of  dominant 
oxygen  lluxes  at  limes,  while  Ihe  latter  stems  from 
observed  carbon-to-oxygen  ratios  ol  order  unitv.  For  the 
-very  important  intermediate  energy  range  where  most  of 
the  radiation  bell  energy  density  is  found,  there  is  no 
experimental  result  indicating  Ihe  source, 

A  simple  theory  that  seeks  to  explain  observed  storm- 
time  enhancements  of  radiation  belt  particle  fluxes  at 
tens  and  hundreds  of  keV  energies  has  been  advuKated 
[Lyons  and  Williams.  I9K0].  Particles  existing  in  the 
outer  radiation  zone  may  suddenly,  during  the  storm 
main  phase,  be  subject  to  an  electric  field  that  transports 


them  towards  lower  L-shells  on  a  time  scale  that  prc; 
serves  n  and  J  but  violates  the  constancy  of  •!>.  For  equa- 
turially  mirroring  particles,  a  radial  displacement  from 
L=5  to  L=.^  increa,ses  the  particle  energy  by  a  factor  of 
~5.  Furthermore,  if  the  particle  spectrum  follows  a 
power  law  distribution  j(F.)  =  (E  £«)  “  with  u  =  3,  for 
example,  then  the  apparent  particle  flux  enhancement 
seen  at  fixed  energies  will  be  a  factor  of  125.  Seen  at  a 
fixed  l.-shell.  the  observable  flux  increa.se  will  be  even 
greater  if  the  pre-storm  radial  distribution  falls  off 
toward  lower  L-shells  (as  may  be  the  case  at  lower  radia¬ 
tion  belt  energies),  and  smaller  if  this  flux  gradient  is 
negative.  Given  the  knowledge  of  the  storm  perturbation 
electric  field  (magnitude,  direction,  azimuthal  extent,  and 
duration)  together  with  observations  of  the  pre-storm 
radiation  belt  structure,  this  in  siiu  “source"  is  in  princi¬ 
ple  assessable. 

5.2.2  Simplifying  As.sumptions 

For  most  of  the  radiation  belt  source  mechanisms 
•accurate  quantitative  information  is  still  lacking. 

Ideally,  one  would  like  to  know 

1.  the  source  strength  for  different  particle  species  as 
a  function  of  energy  and  pitch  angle. 

2.  the  effective  source  locat-rns  within  and  on  the 
boundaries  of  the  trapping  region,  and 

.3.  the  source  strength  as  lunction  of  the  different 
geophysical  conditions  during  quiet  and  disturbed 
times. 

Unfortunately,  contemporary  research  has  not  yet 
yielded  quantitative  answers  to  these  requirements. 
Without  this  information,  how  can  we  understand  and 
model  the  earth’s  radiation  belts? 
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For  quiet  time  conditions  one  can  solve  the  steady 
state  radiation  belt  transport  equations  fur  the  interior  of 
the  radiation  belts  subject  to  suitable  outer  rane  hound- 
ary  conditions  on  the  trapped,  fluxes.  This  amounts  to 
the  a.ssumption  that  the  radiation  belt  source  is  capable 
of  supplying  particles  to  the  outer  radiation  /one  bound¬ 
ary  at  a  rate  sufficient  to  offset  losses  within  the  trapping 
region.  I  he  existence  of  long-term  approximate  stability 
of  the  radiation  bells  a.s  a  whole  during  extended  quiet 
periods  yuppuKs  this  contention,  and  fortunately  trapped 
flux  observations  from  geostationary  spacecraft,  such  as 
ATS-6.  of  the  outer  /one  flux  levels  at  L  =  6.6  makes  this 
a  feasible  solution. 

This  is  not  a  satisfactory  situation  fur  magnetic 
storms  and  other  disturbances.  As  a  consequence  most 
radiation  belt  modeling  has  been  done  for  steady  slate, 
quiet  time  conditions.  Time  dependent  radiation  bell 
modeling  would  require  time  dependent  boundary  condi¬ 
tions  averaged  over  local  time.  It  is  conceivable  that  data 
from  several  geostaiicnary  satellites  may  be  used  for  this 
purpose,  but  this  has  not  yet  been  done. 

5J  TRANSPORT  PROC  ESSES  IN  THE 
RADIATION  BELTS 

As  we  have  seen,  in  the  static  geomagnetic  field,  radi¬ 
ation  belt  particles  e.vecutc  the  three  periodic  motions: 
gyration  around  the  magnetic  field  lines,  bounce  motion 
between  mirror  points,  and  a/ir.iuthai  drill  around  Ihe 
earth.  Ihe  latter  type  of  periodicity  is  caused  by  the 
gradient-curvature  drift  motion.  FfTects  of  gravity  and 
electric  fields  cause  departure  from  this  simple  picture, 
but  both  forces  are  primarily  importar*  at  low  energies 
typically  below  a  tew  lens  of  keV. 

5J.I  C'onvection 

Magnciosphcric  convection  rcsulis  tioin  externally 
imposed  electric  fields.  The  solar  wind  Hows  past  the 
earth  at  a  velocity  in  the  range  2(K)-6(X)  km  sec.  Ihis 
implies  a  “convey'tion"  electric  field  F.  =  V  c  *  B  aenrss 
the  earth's  magnetosphere  directed  Irom  dawn  to  dusk. 
Combined,  with  the  electric  field  induced  by  the  roiaiion 
of  the  earth  a  characteristic  magnciosphcric  convection 
pattern  is  set  up  (.A.vford.  I9f4;  RiK'dercr.  19711).  The 
radial  corotational  electric  field  is  induced  by  the  earth's 
magnetic  dipole  field  conUaiing  with  the  earth.  Figure 
5-1 1  show>  model  electric  cquipotential  lines  around  the 
earth  due  to  these  electric  fields  in  a  lime-independent 
situation.  Particles  of  quite  low  energies  (<  1  keV)  arc 
primarily  controlled  by  the  electric  field  drill,  and  their 
motion  approximately  follows  the  equipcteniial  lines  as 
indicated  by  the  arrows  in  Figure  5-11.  Notice  the  topo¬ 
logically  distinct  regions:  near  the  earth  where  the  con¬ 
vective  motion  follows  oval  paths  around  the  earth,  and 
at  greater  distances  where  the  drift  paths  are  open  to  the 
magnetopause.  Departures  from  this  overall  configura- 


Fi|iurr  y-ll.  l-.qeipotrntial  voninurs  for  an  eleclric  field  in  the  eanh's 
cqualorial  ptane  (dasiKd  lines)  t  hese  are  also  dnfi  paths 
for  verv  low  energy  particles  The  electric  field  »  a  super¬ 
position  of  a  corotational  F-field  due  to  Ihe  rotation  of 
Ihe  earth  and  its  imhedded  magnetic  field  and  a  uniform 
dawn-dusV  electric  field.  The  spearalix  Isolid  curve)  is  Ihe 
low  energy  particle  Alfve'n  layer  which  separates  Ihe  open 
and  closnJ  drill  paths  [Kiselson.  I979|.  The  outer  oval 
represents  the  magnetopause  in  Ihe  equatorial  plane. 

lion,  of  course,  take  plae;  during  disturbed  conditions 
wlien  the  imposed  “convection'*  electric  field  is  time  vari¬ 
able  and  the  low  energy  particle  distributions  are  not  in 
equilibrium  [Fiarel  et  al..  1981  a  &  b]. 

5.3.2  Stochastic  Processes:  Phenomenology 

At  higher  energies,  particularly  above  a  few  tens  of 
keV.  the  dominant  drift  of  trapped  particles  is  due  to  the 
gradient  and  curvpturc  effects  of  the  geomagnetic  field. 
The  prime  drift  motion  is  therefore  circular  (with  gyro 
and  bountx*  motion  superimposed)  around  the'  earth. 
Departures  from  this  pattern  are  due  lt>  the  fluciuaiing 
nature  of  the  gcivcicctric  and  geomagnetic  fields  induced 
by  variations  in  the  solar  wind  flow  and  internal  rhagne- 
lospheric  processes.  Radiation  belt  particles  are  also  sub¬ 
ject  to  interactions  with  plasma  waves  and  suffer  colli¬ 
sions  with  exospheric  neutral  atoms  and  low  energy 
plasma  particles.  Commorl  to  these  processes  is  their 
randomness  in  CKCurrcnce.  and  their  effects  are  described 
by  sltKhasiic  analysis  that  can  be  reduced  to  diffusion 
theory:  radial  diffusion  and  pitch  angle  diffusion.  The 
physical  ideas  are  illustrated  in  Figure  5-12.  Radial  dili'u- 
sion  transports  radiation  belt  particles  across  the  dipolar- 
like  magnetic  field  lines  in  the  radial  direction,  and  pitch 
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5*12  A  cttncirplual  rtprr^cniation  of  pitch  angle  and  ladial  dtl* 
lusKin  in  the  earth  \  radiation  hel(\  IhtIuMon  occurs  in 
eilhct  direction,  hut  in  mo^t  casev  there  a  net  ddfuMtin 
(lux  in  the  indicated  direction  touards  the  carih\ 
acma^phert 

anttic  difTtuion  alten  ihc  particle  pilch  angle  (or  equival¬ 
ently.  the  mirrorpoint  location).  In  both  cases  the  earth's 
atmosphere  is  a  sink:  for  radial  diffusion  hy  transport  to 
very  lovk  l.-shells.  and  for  pitch  angle  diffusion  by  lower¬ 
ing  the  mirrorpoints  into  Ihc  atmosphere.  In  a^tdition  to 
diffusise  proccs.ses.  energy  degradation  from  collisions 
wfiih  exospheric  panicles  also  iKcurs. 

5JJ  EfTects  of  Field  Fluctustions 

Adiabatic  invariants  are  useful  substitutes  for  particle 
constants  of  motion.  It  should  be  kept  in  mind,  however, 
that  the  earth's  magnetic  Held  is  never  perfectly  static. 
Field  fluctuations  arc  asscKiaied  with  micropulsations 
(Jacobs.  1970].  magnetosphcric  substorms  (Akasofu. 
I9W<).  geomagnetic  storms  and  other  phenomena,  and 
field  oscillations  vary  considerably  in  magnitude,  fre¬ 
quencies.  aiKf  principal  kKaiion.  fhe  adiabatic  invariants 
are  said  to  be  violated  when  electric  or  magnetic  varia¬ 
tions  lake  place  near  or  above  the  adiabatic  motion  fre¬ 
quency  in  question.  Fven  slow  field  variations  may  vio¬ 
late  the  third  adiabatic  invariant  <t>  tT'  minutes  to 
hours)  while  u-'iolation  requires  wave-iike  fluctuations 
on  a  time  scale  of  -  miliiscconds.  Macroscopically.  the 
earth's  radiation  belts  are  subject  to  field  lluctuations 
that  occur  at  quasi-random  times.  Their  effects  are  best 
described  by  stochastic  methods  (Chandrasekhar.  1965] 
that  treat  the  mean  deviations  in  the  adiabatic  invariants 
and  the  assix'iuted  distribution  function. 

IXTine  a  particle  distribution  limction  I  =  ftu.  J.  "I’:  t) 
such  that  the  number  ol  particles  Itxated  within  a 
parameter  space  volume  element  given  by  I'  3  dji  to 
ft  *  I  2  du.  .113  d.l  to  .1*13  d.l.  I  3  d*!'  to  <l>  * 

I  2  dd>  is  given  by 

d.\  -  ftq.  .1.  d*;  t)  dfi  d.l  d'l> 

at  a  time  t.  The  function  f  is  thus  the  particle  density  in 
this  parameter  space  spanned  by  the  adiabatic  invariants. 

l  et  P(n.  J.  d>;  Sfi.  AT,  A*l>)  be  the  probability  that  a 
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mean  change  A^.  AJ.  and  A<l>  takes  place  in  the  adia¬ 
batic  invariants  per  unit  time  |IAm1«m.  iAJ|«J.  and 
|A*t>i«'t')  The  distribution  function  Ufi.  J.  'F;  t)  aver¬ 
aged  over  gyriiphasc.  bounce  phase,  and  a/imuthal  drift 
pha.se  is  then  governed  by  the  relation 


'  J  •'  ‘fJJ 


dtAfilidtAJ)  dtA<t>) 


Uh  A«.  j  AJ.  4>  A<i>;  t  At) 

Pin  Am.  j  AJ.  ♦  Ad*.  Am.  A).  A«l«). 


and  one  expands  f  and  P  in  Taylor  series  around  the 
unperturbed  quantities  to  arrive  at 


i.  1 

<AJ>  t 

dj  ' 

At 

(<Ad.>  .) 

♦ 

/<Lk£>, 

'  At  '/ 

Sfi2 

'  2At 

♦  ii  (<IAJ)^> 
dJ2  '  2At 


f)  .  ii  (<i4±£>, 

>  '  2At 


JL  f) 

dM^J  '  At  I 


d2  /<AJA«I>> , 


♦  «?- 

dM<?d»  '  At 


(?J^d>  '  At  ' 

♦  higher  order  terms. 

where  the  stixhastic  ctiefllcients  are  defined  bv 


Iff 


dlAMldlADdlAd*) 

P(m-  j.  di;  Am.  AI.  Ad>)  Ai 


<AiAi>  = 


///■""■' 


)  d(AI)  dtA<1>) 


P(fi.  J.  d>;  Am.  ai.  Ad>)  AiAj 

with  i  and  j  being  m.  J  or  d>  in  all  permutations. 

The  transport  equation  (.^.41)  can  be  greatly  simpli¬ 
fied  by  recognizing  that  violation  of  one  adiabatic  invar¬ 
iant  is  almost  always  uncorrelated  with  the  priKCss  vio¬ 
lating  another.  In  that  case  all  cross  ciH'lficicnts  must 
vanish: 

<AmA.I>  -  <AMA'h  -  <A.IA‘h>  0  (.S,43) 
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Furthermore.  <Ai>  and  ;  (i  =  ii,  J;  ♦)  arc 

related.  In  the  ab*>encc  of  external  xoiircex  and  Inxscs.  dif¬ 
fusion  would  proceed  to  transport  particles  from  over¬ 
abundant  regions  of  parameter  space  until  all  gradients 
in  the  distribution  function  had  vanished,  and  for  each 
diffusion  mode 


<Ai>  ^  =  0  (i  =  M.  J.  (5.4.^) 


Equation  (S.4I)  then  simplifies  to 

where 


=  (5.45) 


Equation  (5.44)  is  the  diffusion  equation  describing 
the  earth's  radiation'  belts.  It  is  valid  whenever  the  per¬ 
turbations  are  small  (but  accumulative).  Transformation 
)o  other  variables,  such  as  di.  <^2-  facilitated  by  the 
Jacobian  G  =  G(m.  •(•  4>.  <t>[.  ^i)  such  that 


^  ^  lamp"  S  G  ^(f.,  •  ('Vi  °  dIJ  ,  <J  =  '•  2. 

(5.46) 


where 


(i  =  ft.  J.  ♦). 


(5.47) 


and 


F  =  F(<f>|.  <6:.  <f>y.  t).  (5.4«) 

5J.4  Radial  DifTusion 

Field  fluctuations  on  a  time  scale  comparable  to  the 
a/imuthal  drill  time  around  the.  earth  can  violate  the 
third  adiabatic  invariant  <l>  but  preserve  the  a  and  J 
invariants.  This  is  the  limit  of  pure  radial  diffusion.  To 
study  this  process  requires  knowledge  of  the  diffusion 
coefficient,  sources,  and  losses.  It  is  convenient  to  use  the 
dipole  I  -shell  coordinates  defined  through 

s  B, 

<h  ^  2rr  Rj  -j-  ■  (5.49) 

where  Bf.  =  0..tl2  (i  is  the  equatorial  B-valuc  at  the  sur¬ 
face  of  the  earth  where  L  =  I. 


in  this  case  the  Jacobian  ciMvrdinaie  transformation  is 
just 


G(L;  ♦)  =  U  =  2»r  R|  Bf  p; .  (5.50) 

and  the  pure  radial  diffusion  equation  becomes 

|=l,>i[D„L;f].S  t.  (5.51) 

wiKre  S  and  L  represent  particle  source  and  loss  func¬ 
tions.  Du  is  the  pure  radial  diffusion  coefficient  at  con¬ 
stant  It  and  J  values.  It  has  been  estimated  that 

Dl.l.  D|. l.(*o)  =  I,  ( j)  d(oip)  (5.52) 

where  d(a„)  is  a  function  only  of  the  particle  equatorial 
pitch  angle  and  Du  ==  Du.  is  the  radial  diffusion 
coefficient  for  equatorially  mirroring  =  yj  particles 

where  d  =  I.  For  a  description  of  dfoo)  see  Schulz 
1 1975a).  ' 

Both  geomagnetic  and  geoclectric  field  fluctuations 
contribute  to  Du..  For  geomagnetic  fluctuations  it  can 
be  shown  that 


DiY*  (M.  L)  =  atl  pM)  (,„j)  L'O  (5.53) 


where  is  the  fluctuation  power  spectral  density 

evalua^d  at  the  azimuthal  angular  drift  frequency 

uij  =  .  Empirically  (cu)  oc  a,  r  where  the 


value  of  r  most  often  is  r  =  2±  I.  When  r=2.  one  obtains 
the  very  siniplc  expression 


D^M)  .  ,^(M)  J  10  (5.54) 


where  is  a  factor  dependent  on  the  fluctuation 

magnitudes.  For  geoelectric  field  fluctuations  it  can  be 
shown  that 


O'mMm.U  =  (5.55) 

““  n=0 

where  is  the  n-th  spatial  Fourier  component  of  the 
electric  field  power  spectral  decomposition.  For  details, 
sec  Falthammar  (i96!<].  and  Cornwall  |I968]. 

J  he  actual  calculation  of  Djj’  is  fairly  complicated 
and  the  reader  is  referred  to  the  research  literature.  How¬ 
ever.  lor  typical  substorm  conditions  Cornwall  (1972) 
derived  the  simple  relation 
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D|E>  =  K't»  ;-7- (5.36) 

^  L*  *  (MM  Z.H 

where  mm  i*  the  nugnetic  momeni  in  MeV  G  and  Z,  h 
the  panicle  charg:  state  number. 


Both  K****  and  K*^*  are  dependent  on  the  geophysical 
activity.  Likely  values  of  fall  in  the  range  2><  10  '<> 
to  2“  10  *  (L-shelb)2  per  day  and  K'^*  may  be  found  in 
the  range  lO  *>  to  16*  (L-sheils)2  per  day.  The  total  radial 
diffusion  coefTicient  is  then 

Du.=  DiY**Dli‘.  (5.57) 

It  should  be  emphasieed  that  the  relations  in  Equations 
(5.54)  and  (S.S6)  represent  simplified  considerations  that' 
may  not  always  be  realized.  If.  for  example,  or 
do  not  follow  w  2  dependences,  tlien  D*!^*  will  involve 
dependetKe  on  n,  and  may  have  a  different  form. 


5  Pitch  Angle  Diffusion 

The  presence  of  plasma  and  electromagnetic  waves  in 
the  radiation  belts  implies  fast  low-amplitude  field  fluc¬ 
tuations.  and  soHM  of  these  waves  (such  as  the  ELF 
whistler  mode)  can  violate  the  first  adiabatic  invariant  m- 
These  fast  fluctuations  will,  in  principle,  also  violate  ^ 
and  J;  however,  for  these  adiabatic  invariants  the  effect  is 
likely  to  be  at  least  in  part  averaged  out.  it  is  convenient 
to  convert  from  m  to  equatorial  pitch  angle  coordinates 

p7  L^  sin^tto 

M  =  ^  (5.3«) 

whereby  the  applicable  Jacobian  is 

„  du  sin2a„ 

•"  •  sS  = 

at  constant  particle  momentum.  In  the  pure  pitch  angle 
diffusion  limit  |p|  is  unchanged  and  only  the  particle 
direction  of  motion  changes. 


The  pure  pitch  angle  diffusion  equation  becomes 
dt  ■  sin2a„T(oo)  d^  [^0r„aro*'"2«oT(o„) 

(5.60) 

where  S*  and  L*  are  the  source  and  loss  functions 
appropriate  for  the  pitch  angle  diffusion  process. 


’  is  tlK  bounce  averaged  pure  pitch  angle  diffusion  coeffi¬ 
cient  related  to  the  local  pitch  angle  diffusion  coefficient 
Daa  by 

o 

The  actual  calculation  of  from  observed 

plasma  wave  distributions  in  the  magnetosphere  is  quite 
complicated.  The  reader  is  referred  to  the  research  litera¬ 
ture  (Lyons  et  al..  1971.  1972;  Retterer  et  al.  1983  and 
references  therein]. 

In  general,  pitch  angle  diffusion  can  coine  about  by 
violation  of  m  only  (that  is  change  in  t  by  violation  of 
J  only  (change  in  pn),  or  by  a  combined  violation  of  both 
M  and  J.  The  pure  pitch  angle  diffusion  limit  is  ideally 
realized  when  both  m  -^nd  J  are  violated  so  that  the  ratio 
of  Px  ^Pn  changes  while  |p|  remains  almost  constant. 
When  this  happens,  there  is  essentially  no  energy 
exchange  between  waves  and  particles.  Physically,  this 
can  mean  that  the  principal  interaction  is  between  the 
particle  and  the  magnetic  field  of  the  wave. 


5J.6  Energy  Diffusion 

Particles  can  bixome  energized  when  intera:xing  with 
waves  (wave  damping)  or  can  lose  energy  to  the  waves 
(wave  instability).  One  may  write  a  pure  ener^  diffusion 
equation  in  the  form 

(5.62) 

However,  such  an  equation  has  not  been  used  much  in 
radiation  belt  physics,  since  almost  inevitably  Oq  also 
changes.  The  more  general  case  of  coupled  energy  and 
angular  diffusion  and  the  associated  diffusion  coefficients 
needs  further  research.  For  information  relating  to  such 
coupled  processes,  see  Schulz  and  Lanzerotti  [  1974]. 


5.4  LOSS  MECHANISMS 

Energetic  particles  residing  in  the  radiation  belts  are 
subject  to  collisionai  interactions  with  coexisting  particle 
populations.  The  most  important  of  these  are  the  earths 
main  atmosphere,  the  atomic  hydrogen  exosphere,  and 
the  ptasmaspherc.  Near  the  earth  (that  is.  at  very  low 
L-shells  or  for  small  equatorial  pitch  angles)  such 
collisions  constitute  a  dominant  energetic  pa;  tide  loss 
mechanism.  But  even  in  the  central  parts  of  the  radiation 
belts  Coulomb  collisions  and  charge  exchange  can  be 
quite  significant.  Pitch  angle  scattering  of  particles  into 
the  atmospheric  bounce  loss  cone  (where  particle-particle 
collisions  are  dominant)  is  also  of  great  significance, 
especially  for  radiation  belt  electrons. 
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The  terrcslriiil  exmphere  (or  ^encoruna)  is  a  contin¬ 
uation  of  the  atmosphere  to  great  altitudes  where  colli¬ 
sions  are  infrequent  and  the  constituents  follow  ballistic 
trajectories.  The  principal  constituent  is  thought  to  be 
atomic  hsdrogen  with  a  density  ranging  from  —10* 
atoms  cm’  at  I0-’  km  altitude  to  —10^  atoms  cm’  at 
i  >  10*  km  altitude.  Table  S-l  gises  the  mean  atomic 


Ijhk  VI  Numhcf  drnMiv  «»l  turmrui  41  ihr  Ck{ujU»r  Iih  4it 

rxmphcriw  tt'mpcr4tuic  <»l  k  ami  tt»i  4vci4RC  gc**m4|e- 
nctn.  1 1 


hydrogen  number  density  [H]  as  function  of  L-shell  at 
the  equator  (for  e.xampic.  1'insley.  I976|  and  it  is  thought 
to  be  an '  average  representation  for  an  exospheric 
temperature  of  --950  K.  The  exospheric  temperatures 
and  densities  will  of  course  change  with  solar  and  geo¬ 
magnetic  activity. 

Also  overij  nping  the  radiation  belts  is  the  tctrestrial 
plasmasphere  consisting  of  thermal  ions  and  electrons 
and  contained  within  an  l.-shell  range  roughly  below 
about  I.-4  to  A  by  the  effect  of  the  coroiational  electric 
field  of  the  earth,  f'igure  5-1 1  shows  the  electric  equiptv 
tential  lines  in  the  equatorial  plane  formed  by  the  combi¬ 
nation  of  the  corotational  electric  field  and  the  solar 
wind  induced  dawn-dusk  "convection"  electric  field.  The 
separatrix  between  closed  (around  the  earth)  and  open 
equiootential  lines  is  related  to  the  static  plasmapause. 
although  in  a  dynamic,  time  variable  situation  no  simple 
ielation  between  the  two  exists.  Tmpirically.  there  is  a 
much  higher  density  of  cold  (1001)  10000  K)  plasma- 

sphciic  particles  below  the  plasmapause  than  beyond  it. 
Based  on  data  deduced  from  ducted  VLF  wave  propaga¬ 
tion  experiments,  Cornwall  (1972]  estimated  the  follow¬ 
ing  average  plasmasphcric  particle  densities: 

[c]  =  250  (I,  I.,,)*'  cm  ’  for  L  •:  l.„ 

(5.6.x ) 

[e]  =  I.X  (I.  1.,,)'^  cm  ’  (or  1.  -•  I.„ 

where  l.„  4.1  and  K  =  4  64 

It  is  well  known  that  the  plasmasphere  deviates  fre¬ 
quently  and  strongly  from  this  (unctional  form.  It  is 


nevertheless  thought,  that  this  formula  represents  average 
long-term  cold  plasma  densities  appropriate  for  long¬ 
term  steady  state  radiation  belts  studies.  Further  im¬ 
provement.  including  storm  and  substorm  variability, 
will  be  needed  when  time  dependent  radiation  belt 
models  are  developed. 

5.4.2  Coulomb  Collisom 

Coulomb  collisions  arc  inelastic  interactions  between 
charged  particles.  A  radiation  belt  particle  "colliding" 
with  an  exospheric  neutral  hydrogen  atom,  for  example, 
will  interact  with  the  internal  atomic  electric  field  when¬ 
ever  the  impact  parameter  is  less  than  the  atomic  radius, 
or  with  the  electric  field  from  a  thermal  (plasma)  proton 
or  electron  out  to  the  particle’s  Debye  shielding  distance. 
The  encounter  will  result  in  energy  transfer  from  the 
energetic  (incident)  particle,  and  in  deflection  (angular 
scattering)  of  both  particles.  Changes  in  ionization  states 
of  either  or  both  particles  can  also  occur.  On  the  average, 
angular  scattering  is  important  for  radiation  belt  elec¬ 
trons.  but  usually  not  so  irnportant  for  the  nuch  heavier 
radiation  belt  ions.  The  collisional  scattering  process  is 
qualitatively  illustrated  in  Figure  S-I.X. 


Figure  5-1 1  DrOcviion  of  a  p«'iii\c  am)  negative  parlK-le  in  the  inter- 
na)  atomic  ekctric  Ticid  ol  the  larprt  atom,  h*  and  h  arc 
impact  parameters  ai^  r^  is  the  atomic  radius  If  the 
impact  parameter  is  greater  than  r.^.  no  interaction' ciccurs. 
hor  plasma  pariicks  r.^  is  replaced  hy  t^  k)ch>c  shielding 
distance  A|t. 

Radiation  belt  particles  arc  much  more  energetic  than 
exospheric  particles  and  energy  is  transferred  from  the 
energetic  ion  to  the  atomic  bound  electronfs)  or  plasma 
electrons.  The  changes  in  the  energy  spectrum  and  direc¬ 
tional  characteristics  of  particles  traversing  a  material 
substance  whose  effective  thickness  is  greater  than  the 
collision  mean  free  path  is  a  difficult  mathematical  prob¬ 
lem.  Oreal  simplification  is.  however,  obtained  when  the 
differential  collision  cross  sections  arc  small  enough  to 
overw  helmingly  favor  very  small  energy  losses  and  direc¬ 
tional  changes  in  each  collision.  Fortunately,  this  is  true 
fi;.'  C  oulomb  collisions  in  which  the  cla.ssical  Rutherford 
cross  section  is  valid.  See  Rossi  and  Olbcrt  ( 1970]  or 
Jackson  1 1975]  lot  details. 

One  finds  that  the  average  energy  loss  rate  for  an 
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energetic  particle  passing  through  a  gas  of  atomic  parti 
des  is  given  by 

^  =  4Z,2  Z,  [nl  re  fmec'  fi)  (5.64) 

where  Z,  is  the  net  charge  slate  number  of  the  incident 
particle.'  Z,  is  the  nuclear  charge  number  of  the  target  gas 
atoms,  file  is  (he  electron  mass,  r;  is  the  classical  electron 
radius,  c  is  the  speed  of  light.  )S  =  V  c  and  Fifi.Zf}  is  a 
slowly  varying  function  determined  quantum  mechani¬ 
cally  by 

F(P.Z,)  =  2.9  t  In  [n^:m;c«  (I  ^  i2(7,,] 

for  ener^ic  electrons.  (5.65) 


=  2^2  ♦  In  (I  /P)*  |2(Z,»] 

for  energetic  ions  (5.66) 

where  l(Z,)  =  1.^.5  Z,  (in  cV)  is  an  approximate  value  of 
the  ionization  potential  for  the  gas  atoms  [Rossi  and 
Olhert.  1970). 

Let  f  =  f((z.  J.  <l>;  t)  denote  the  distribution  function 
for  equatorial  radiation  belt  particles.  The  changes  due  to 
stochastic  energy’  loss  from  the  energetic  particles  can  be 
described  by 


and  the  stochastic  time  average  <.iji  .it  >  and  <AJ  At> 
are  then  simply  given  by 


<--  '  (sf)lS) 


Cornwall  fl972J  noted  that  it  is  possible  to  treat  the 
slowly  vary  ing  logarithmic  term  in  the  expression  for  ^ 

as  an  approximate  constant.  By  including  contributions 
,  from  energetic  particle  plasma  electron  collisions  as  well 
as  from  energetic  particle  exospheric  atom  collisions,  one 
derives  the  expression  \alid  for  cquatorially  mirroring 
to,,  ~  rr  2)  particles; 


oulomh 


=  '  Mr;) 


The  Coulomb  collision  loss  factor  is  given  by 

Gt(l.)  =  »50v/2  tre^v^  L*  2/(m*BP))[HlZ‘ 

(5.71) 

where  mu  =  1.67  *  10  24  grams  is  the  hydrogen  atom 
mass  and  e  =  (4.802X6  ±  0.00009)  »  10  esu  is  the  unit 
charge.  Z,  is  the  ionic  charge  state,  number  for  incident 
energetic  ions  (Cornwall.  1972;  Spjeldvik.  I977J.  For  a 
fuller  treatment  of  the  collisional  procevs  the  reader  is 
referred  to  the  treatise  by  Mott  and  Ma^y  (1952)  or 
Rossi  and  Olhert  1 1970). 


5.4J  Charge  Exchange, 

Collisional  encounters  may  also  change  the  ionization 
state  of  the  colliding  particles.  This  may  entail'  ionization 
of  the  “target"  atom  and  or  alteration  of  the  net  ionic 
charge  of  the  incident  particle.  The  latter  is  of  impor¬ 
tance  for  radiation  belt  ions  since  almost  all  of  the  physi¬ 
cal  processes  depend  directly  on  their  charge  state.  The 
simplest  of  the  charge  exchange  reactions  is  the  one  that 
neutralizes  radiation  belt  protons  (H); 

H*  ♦  H  -  H  ♦  H*  (5.72) 


where  underlying  denotes  energetic  particles.  Tfte  above 
reaction  is  an  example  of  the  electron  capture  process  in 
which  the  incident  proton  picks  up  (or  captures)  the 
orbital  electron  from  the  thermal  hydrogen  atom,  which 
then  (tecomes  a  low  energy  proton.  Once  neutralized,  the 
incident  proton  (now  fast  neutral  hydrogen)  is  no  longer' 
subject  to  the  magnetic  deflecting  force  and  escapes  from 
the  trapping  region.  Macroscopically  these  events  (Kxur 
at  random,  and  ra.st  neutral  atoms  thus  exit  the  radiation 
belts  in  all  directions.  Since  the  speed  of  these  particles 
greatly  exceeds  the  earth's  gravitational  escape  speed, 
many  disappear  to  outer  space.  Some  of  these  fast  neu¬ 
tral  atoms  move  towards  the  earth  where  they  produce 
secondary  interactions  upon  entering  the  atmosphere. 

.  In  a  similar  manner,  other  singly  charged  ions  can  be 
neutralized  in  such  collisions: 

He*  ♦  H  -  He  +  H‘ 

C'  r  H  -  C  ♦  H*  (5.7.t) 

O'  +  H  -  O  ♦  H*. 

These  newly  generated  thermal  hydrogen  ions  (protons) 
make  a  contribution  to  the  earth's  plasma  envelope; 
however,  their  rate  of  formation  is  probably  less  than  the 
rate  at  which  such  ions  arc  supplied  from  the  topside 
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ionmpherc.  One  iniy  note  that  ihe  total  charge  is  con¬ 
served  in  the  radiation  belts  under  the  chsrge  exchange 
reactions. 

There  is  also  another  class  of  ion  charge  exchange: 
this  results  from  electron  stripping  reactions  by  which  the 
ehergetic  ions  (necessarily  heavier  than  hydrogen)  lose 
one  or  more  of  the  remaining  bound  electrons.  For 
example,  there  is  a  rinite  probability  that  an  ion  (say  O*) 
in  a  collision  with  a  thermal  hydrogen  atom  loses  several 
of  its  electrons: 


below  about  20  keV,  but  falls  off  sharply  with  higher 
energies. 


O*  ♦  H  -  O**  +  H*  ♦  4e-  (5.74) 


In  this  example  four  electrons  are  stripped  off.  Whether 
the  fast  O*  ion  actually  loses  one  or  more  of  its  electrons 
or  captures  one  from  the  hydrogen  atom  strongly 
depends  on  the  energy  of  the  incident  ion  and  the  details 
of  the  collision.  Since  this  type  of  reaction  preserves  a 
non-zero  ionic  state,  the  ion  remains  trapped  within  the 
radiation  behs.  For  this  reason  one  distinguishes  between 
’internal'*  charge  exchange  reactions  such  as  the  stripping 
reactions: 


02'  +  H-0-’*  +  H  +  e- 
a’*  ♦  H  -  O^'  ♦  H  ♦  4e- 
with  their  reverse  reactions  such  as 


(5.75) 


Fifurc  5-14.  Row  diagram  for  energetic  oxyf  ;n  ion  charge  exchange. 

Thn  Tigure  illimraies  that  wh.lc  multiple  charge  stale 
increaicx  are  possible  in  a  single  encounter,  only  single 
step  citarge  stale  reductions  can  occur  in  a  hydrogen  atom 
gas.  Oxygen  ions  iii  lower  charge  states  may  be  further 
ioni/ed  (through  single  or  muhiple  electron  stripping)  in 
single  collisional  encounters  with  Ihe  exospheric  gas 
atoms  The  ions  may  lose  net  charge  in  rollisiont  by  cap¬ 
turing  the  hound  elenron  from  a  thermal  hydrogen  atom. 
To  become  neutrali/ed.  a  fully  ionired  oxygen  ion 
ic«|uiics  a  minimum  of  eight  separate  collisions. 


Pori'Cle  Energy  (keV) 


O*'  ♦  H  -  O^*  ♦  H‘ 

O’*  +  H  -  O^*  ♦  H*  (5.76) 

O’*  ♦  H  -  O*  ♦  H* 

on  one  hand,  and  reactions  that  produce  immediate  par¬ 
ticle  loss  (lowest  charge  state  to  neutral)  noted  above  on 
the  other.  Notice  also  that  to  become  neutralized,  an  O'** 
ion  requires  a  minimum  of  eight  separate  collisions  with 
hydrogen  atoms  (since  only  one  electron  may  be  cap¬ 
tured. in  each  collision).  This  should  be  contrasted  with 
electron  stripping  reactions  in  which  the  multiple  charge 
state  changes  occur  in  a  single  collisional  encounter.  The 
principal  features  of  tlie  charge  exchange  chemistry  are 
illustrated  in  Figure  S-14. 

The  probability  that  a  given  charge  exchange  process 
actually  takes  place  in  a  collision  is  expressed  as  a  re¬ 
action  cro  s  section.  Such  cross  sections  derive  from 
laboratory  studies  of  collision  processes:  however,  for 
many  ions  the  pertinent  cross  sections  have  not  yet  been 
measured  over  a  sufTiciently  large  range  of  particle  ener¬ 
gies.  Figure  5-15  shows  the  cross  sections  for  the  charge 
exchange  of  protons  incident  on  atomic  hydrogen  from  a 
compilation  by  Spjeldvik  [1977].  Notice  that  the  charge 
exchange  cross  section  is  quite  high  (ofg  >  10  cm^) 


Figure  5-IS  Proton  charge  exchange  crou  section  as  function  of 
proton  energy.  It  is  worth  notmg  that  this  cross  section  is 
high  (olt)*’  lot  cm^)  below  a  few  lens  of  keV  causing 
short  proton  lifetimes  at  those  energies,  and  it  falls  off 
rapidly  towards  higher  energies.  The  values  between  0.4 
and  I  keV  are  from  the  experimenial  work  of  File  et  al. 
|l9f>U|.  the  data  from  I  keV  are  due  to  a  compilation  by 
I’lallih  1 1970).  and  aSive  1000  keV  tlie  (heorcticai  results 
from  Brinkmann  and  Kramers  |I9.V)]  have  been  used 
(Spjeldvik.  I977J. 

For  ions  heavier  than  protons,  multiple  potential 
charge  states  are  available.  For  helium  inns,  one  must 
consider  not  only  the  cross  section  for  the  neutralization 
reaction  but  charge  state  changes:  state  I  —  state  2  and 
state  2  —  state  I  a.s  well.  Thus,  for  helium  there  are 
three  imprj'ant  cross  sections  to  be  included.  A  point 
worth  noting  is  that  the  process  transforming  He*  to 
He7*  dominates  over  the  charge  state  reducing  reactions 
in  the  high  energy  part  of  the  radiation  belts,  essentially 
above  800  keV.  This  is  explicitly  depicted  in  Figure  5-16 
which  shows  the  three  charge  exchange  cross  sections  for 
radiation  belt  helium  ions. 

Charge  exchange  cross  sections  for  the  heavier  ions 
such  as  carbon  and  oxygen  have  been  measured  over  a 
small  fraction  of  the  radiation  belt  energy  range.  The 
situation  is  particularly  severe  for  carbon  ions  where 
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Figure  5-16.  Helium  ion  charge  exchange  croxx  section  as  function  of 
energy.  Solid  lines  s^jw  the  values  compiled  by  CUIlin 
1 1970]  from  many  experiments,  and  the  dolled  lines  are 
extrapolations.  The  dashed  lines  are  computed  from  the 
theoretical  work  of  Brinkmann  and  Kramers  |  I9.V))  The 
three  pertinent  charge  exchange  cross  sections  art:  He'  ~ 
He  (ion  neuirali/ation).  He^'  —  He'  and  He^'  —  He'.  The 
extrapolated  curse  above  1000  keV  (for  He.'  —  He^')  is 
progressively  unreliable  towards  higher  energies 
[Spjeldsik  and  Frit/,  l97Xb). 

almost  no  measurements  have  been  made.  For  oxygen 
ions  there  exist  a  number  of  measurements,  but  unfortu¬ 
nately  the  laboratory  work  used  particles  other  than 
atomic  hydrogen  as  targets.  Figure  S-17  shows  estimated 


Figure  5-17.  C  harge  exchange  cross  sections  for  (alomici  oxygen  ions 
in  an  atomic  hydrogen  gas:  C  harge  loss  Electron  capture 
cross  sections  O'  —  (g'  "'  estimated  from  sparse  available 
data.  .Stehhings  el  al.  |  I9N)|  give  data  with  H-targets  up  to 
H  keV.  1.0  el  al.  |I97I]  give  data  with  <)-largcis  and 
MacDonald  and  Martin  1 1971 1  give  data  with  He-larg:ls. 
Also  shown  are  results  with  rarefied  air-targets'|Solov'ev 
el  al..  1972]  the  cross  sections  for  reactions  with  i>l 
have  not  been  measured  below  —  10  MeV  |Spjcldvik  and 
Fritr.  lOTXa] 

ion  charge  loss  (electron  capture)  cross  sections  based  on 
a  compilation  of  a  number  of  measurements  using  H.  air 
and  O  as  target  particles  [Spjeldvik  and  Fritz,  l97Ka]. 
Esiimates  of  the  charge  gain  (electron  loss)  cross  sections 
have  been  made  from  limited  data  available.  Examples 
are  illustrated  in  Figure  5-18.  For  the  remainin,-;  reactions 
between  the  multiple  charge  states,  no  laboratory  mea¬ 
surements  have  been  reported,  and  one  mus'  use  crude 
estimates  {Spjeldvik  and  Fritz,  1978a]. 

The  mathematical  description  of  the  effects  of  the 


Figure  5-IH.  Charge  exchange  erms  sections  for  (atomic)  oxygen  wins 
in  an  atomic  hydrogen  gas:  Charge  gain  Electron  loss 
cross  scclions  O'  —  O''”*  ‘  j  e  .  The  data  shown  arc  from 
1.0  ct  al..  1 1971]  for  O-largets.  1he  solid  lines  are  crude 
estimates  made  hy  Spjeldvik  and  Frit/  ] l97Xa].  More  reli- 
'  able  cross  sections  lor  oxygen  ions  and  other  heavy  ions 
need  to  Sr  established. 

charge  exchange  prixesset;  on  radiation  belt  ion  distribu¬ 
tion  functions  is  through  loss  and  gain  terms.  For  radia¬ 
tion  belt  protons  one  has  the  expression 


(*  Icharge  Exchange  ’  ‘''®  ^ 

since  the  loss  rate  is  proportional  to  the  number  of  pro¬ 
tons  present  (or  more  precisely,  the  distribution  function 
0.  and  also  proportional  to  the  factor  Ay  =  <Vay  [H]> 
where  V  is  the  ion  speed  and  Oy  the  charge  exchange 
cross  section  for  transformation  state  i  —  state  j.  To  de¬ 
scribe  the  heavier  ions  where  more  than  one  charge  state 
applies,  one  considers  a  distribution  function  for  each 
charge  state.  For  helium  ions,  let  f|  and  f2  be  the  distri¬ 
bution  functions  for  He*  and  He^*  ions  respectively.  The 
charge  exchange  processes  are  then  represented  by 


'£f,\ 

,  dt  /Charge  Exchange 


-  A|o  f|  +  A21  f2  -  A|2  f| 

(5.78) 


'•Jf2\ 

idt /Charge  Exchange  ~ 


(5.79) 


and  this  provides  a  coupling  between  the  distribution 
fuiKtions. 

In  general,  for  an  ion  species  wi'h  s  available  ch:”'ge 
states  one  obtains  charge  exchange  e.xprcssions  of  'he 
form 


/^f  \  %  S 

h  I  b  ""  X  ^  IE  Vi  fori#j. 

VZI  ft  hatgc  I  xchangv  ~7 


|0  j=l 


and  when  the  exosphere  predominantly  consists  of 
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atomic  hydrogen  (as  in  the  ease  of  the  earth)  the  first 
summation  contains  contributions  from  j  =  i  I  only. 

5.4.4  Wave-Particle  Interactions 

Plasma  \su\es  play  an  important  role  in  radiation  belt 
physics.  Diflercnt  conditions  for  wave  propagation, 
growth  and  decay  in  the  magnetosphere  have  led  to 
delineation  into  numerous  w  jvv  nunles.  For  a  detailed 
classification  of  these  minles  see  Stix  [l%21  or  Kennel  el 
al.  1 1479|.  In  a  previous  section,  the  radiation  belt  trans- 
p»>rt  equation  was  given;  here  we  shall  outline  some  of 
the  concepts  concerning  the  interactions. 

Angular  scattering  can  result  from  interactions  with 
electromagnetic  waves.  As  an  example,  consider  gyro  (or 
cyclotron)  resonance:  a  radiation  belt  particle  spiraling 
around  a  magnetic  line  of  force  (the  guiding  center  locus 
field  line)  will  gyrate  at  a  rate  determined  by  the  mag¬ 
netic  field  strength.  ma.ss.  and  charge  of  the  particle.  An 
elect fomagnctic  wave  (with  electric  and  magnetic  wave 
vectors)  also  propagating  along  that  field  line  will  rotate 
according  to  its  wave  frequency.  When  both  the  sense  of 
rotation  and  the  rotation  frequency  match  for  both  wave 
and  particle,  the  particle  will  he  subject  to  an  essentially 
constant  “wave"  field  for  the  duration  of  the  encounter. 
The  particle  can  exchange  energy  with  the  wave  through 
the  electrical  interaction  and  or  deflection  can  (Kcur 
through  the  magnetic  interaction.  Higher  order  reso¬ 
nances  can  also  take  place,  for  example,  if  the  rotation 
rates  differ  by  a  factor  of  two.  When  the  particle-wave 
interaction  is  primarily  via  the  magnetic  wave  vector  (as 
in  the  case  of  the  radiation  belt  electron  whistler  mode 
hiss  wave  interaction)  the  result  is  primarily  angular  scat¬ 
tering;  this  is  the  pure  pitch  angle  scattering  limit.  Other 
resonances  including  bounce  resonance  and  drift  restv 
nance  can  also  f*  important. 

These  waves  in  the  radiation  fielts  may  remain  in  the 
area  where  they  were  generated  (very  small  group  vcIik- 
ify)  or  propagate  afar  (large  group  velocity).  They  have 
frequency  and  wave  length,  and  there  are  different  polar¬ 
ization  properties.  Propagtition  properties  are  determined 
by  a  dispersion  relation  [Stix.  i%2|  that  in  part  depends 
on  the  density  of  the  plasma  in  which  the  wave  exists  and 
the  geomagnetic  field.  Stability  or  instability  of  the  waves 
is  frequently  determined  by  the  energetic  particles  with 
which  the  waves  can  interact. 

Plasma  waves  are  said  to  be  unstable  to  growth  if 
interactions  with  the  charged  particles  transfer  energy  to 
the  waves;  if  the  transfer  is  from  the  waves  to  the  parti¬ 
cles  the  waves  are  said  to  be  damped.  If  plasma  waves 
interact  with  radiation  belt  particles  in  such  a  way  as  to 
have  their  principal  interactions  locally,  then  it  is  possible 
to  sclf<onsistently  give  a  theoretical  treatment  of  both 
wave  and  particle  properties.  On  the  other  hand,  if  the 
waves  have  significant  snaiiat  propagation  so  that  they, 
for  example,  gain  energy  from  one  particle  population 


and  propagate  to  interact  further  with  another  particle 
population  elsewhere,  then  the  latter  process  is  termed 
"parasitic”.  Both  types  of  processes  arc  of  major  signifi¬ 
cance  in  the  radiation  belts. 


5.4.4.I  Pitch  Angle  Scattering  Into  the  Loss  Cone.  In¬ 
teractions  between  energetic  particles  and  plasma  waves 
can  significantly  affect  the  trapped  particle  population's 
energy  and  angular  distribution.  If  the  pitch  angle  is 
altered  so  that  the  particle  finds  itself  within  the  atmos¬ 
pheric  bounce  loss  cone,  it  will  have  a  high  probability  of 
becoming  lost  upon  entering  the  atmosphere.  For  ions 
this  probability  is  virtually  I009f.  while  for  energetic 
electrons  a  certain  fraction  of  the  precipitated  particles 
arc  backscattcrcd  up  into  the  magnetosphere  only  to 
encounter  the  conjugate  hemisphere  during  the  succeed¬ 
ing  bounce  motion. 

The  directional  change  in  the  angular  scattering  proc¬ 
ess  due  to  plasma  wave  or  collisional  interactions  is  ran¬ 
dom:  to  lowest  order  it  is  just  as  likely  for  a  single  parti¬ 
cle  to  be  scattered  from  lower  to  higher  pitch  angles  as  in 
the  opposite  direction.  However,  when  the  particles  are 
anisoiropkallv  distributed  in  pitch  angle  (for  example. 

(9f 

with  r —  >  0).  the  number  of  particles  scattered  from  the 

higher  particle  density  region  towards  the  lower  density 
region  is  greater  than  the  number  scattered  the  other 
way.  As  a  consequence,  the  .stocha.stic  process  is  bia.sed 
by  the  particle  pitch  angle  distribution  and  a  net  diffu¬ 
sion  flux  occurs.  This  pitch  angle  diffusion  flux  is  jurt 

Pilitf  “  ***' T(oo)  (5.81) 

so  that  the  diffusive  transport  term  in  (5.45)  may  be 
written  as  simply 

■  (s)  =  .  ,  '  ,  ^  ■  (5.82) 

sin2aoT(0„)  da„ 

Atmospheric  particle  losses  within  the  bounce  loss 
cone  generally  cause  f(o„  <  aoif)  to  be  near  zero 
(except  under  conditions  of  extremely  strong  scattering). 
This  generally  favors  a  positive  pitch  angle  anisotropy 
(loss  cone  distribution),  and  particles  can  be  lost  to  the 
atmosphere  at  any  l.-shell  due  to  the  pitch  angle  scatter¬ 
ing  process.  Of  course.  dVda„  may  be,  negative  under 
certain  conditions,  and  thus  net  reverse  diffusion  can 
take  place.  Examples  are  an  atmospheric  source  cone  in 
the  auroral  zbne  as  a  consequence  of  auroral  electric 
fields,  effects  of  1,-shcll  splitting  due  to  the  deviations 
from  the  dipolar  azimuthal  symmetry  of  the  magentic 
field  [Rocderei,  1970].  or  particle  injections  during  dis¬ 
turbed  times. 
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Analysis  of  resonant  wave-particle  interactions  violat¬ 
ing  the  first  adiabatic  invariant  have  generally  considered 
waves  with  frequencies  near  the  gyro  frequency  of  the 
energetic  particles.  The  condition  for  resonance  between 
waves  of  angular  frequency  cu  and  particles  at  the  gyro- 
frequency  fl  is  given  by 

w  k,|  V||  =  n  11;  n  =  0,  ±  I,  ±2,  ±3, ...  [Lyons.  I979J. 

(5.83) 

where  kn  and  V||  are  the  parallel  (to  B)  wave  vector  and 
particle  vcItKity  respectively.  For  a  given  wave  mode 
there  is  a  dispersion  relation  linking  to  and  k.  The  cycUt- 
imri  harmonk  resonances  have  the  (Doppler  shifted) 
wave  frequency  equal  to  a  harmonic  (n  =  ±l.  n  =  ±2, 
n  =  ±3.  . . . )  of  the  particle  gyrofrcquency,  and  the  classi¬ 
cal  Ijontiau  resonance  (n  =  0)  has  the  wave  parallel  phase 
velocity  V||  =  o*/k||.  All  these  resonances  result  in  particle 
diffusion  in  both  energy  and  equatorial  pitch  angle  a„. 

The  l.andau  resonance  results  in  diffusion  solely  in 
'V||.  conserving  v^.  Thus  the  pitch  angle  change  Sa  at  a 
given  location  along  the  particle  trajectory  is  related  to 
the  parallel  velocity  change  .;^V||  by 

Aa  =  -  ~ —  Av||.  (5.84) 

Tbc  cyclotron  harmonic  resonance  can  likewise  pro¬ 
duce  pitch  angle  changes  resulting  from  the  energy 
exchange,  or  the  interaction  can  be  primarily  with  the 
magnetic  wave  vector  causing  pitch  angle  scattering  more 
directly  with  little  energy  exchange.  The  latter  process  is 
particularly  important  for  electrons. 

In  general,  the  study  of  wave-particle  interactions 
requires  an  extensive  mathematical  treatment,  and  the 
necessary  derivations  and  analysis  are  beyond  the  scope 
of  the  present  chapter.  The  interested  reader  is  referred  to 
a  number  of  works  on  the  subject  [Siix.  1962;  Sagdeev 
and  Galeev.  1969;  Lerche,  1968;  Kennel  and  Engelman, 
1966;  Lyons  et  al..  1971.  1972;  Rettcrer  et  al..  1983]. 

5.4.4.2 '  Scattering  of  Energetic  Electrons.  Pitch  angL 
scattering  is  particularly  important  for  radiation  bell  elec¬ 
trons.  Here,  we  bypa!;s  the  extensive  mathematical  treat¬ 
ment  found  in  Lyons  et  al.  [1971.  1972].  The  different 
resonances  arc  ilhistialed  in  Figure  5-19  which  depicts 
the  regions  of  cyclotron  resonance  in  velocity  space 
resulting  from  waves  distributed  over  a  band  of  parallel 
wave  vectors  A!'i|.  Resonance  at  each  cyclotron  harmonic 
occurs  over  a  band  of  parallel  velocities  Av||;  for  simplic¬ 
ity.  relativistic  effects  for  electrons  >500  keV  are  not 
included.  No  cyclotron  harmonic  interaction  occurs  for 
v<vii^;.„  and  '’’e  value  of  V||n,in  depends  on  the  actual 
k||  band  over  which  the  wave  energy  is  distributed.  This 
is  locally  true  where  the  geomagnetic  field  may  be  con¬ 
sidered  uniform  on  the  scale  of  the  gyroradius. 
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Figure  5*19.  Radiation  belt  electron  FLF  whistler  mode  wave  inters* 
actions:  Regions  of  cyclotron  resonance  in  momentum 
space.  Dpper  panel  shows  the  effects  of  pure  pitch  angle 
diffusion  (conserving  electron  energy)  for  the  resonance 
with  plasmusphcric  ELK  whistler  mode  turbulence.  I.ower 
imneis  show  the  effect  upon  progressively  more  energetic 
electrons,  and  (hat  for  the  most  energetic  electrons  the 
high  onler  resonances  become  increasingly  important  as 
the  electrons  dilTu? .  in  pitch  angle  towards  the  atmos- 
pheric  bounce  loss  cone.  The  resulting  pitch  angle  diffu¬ 
sion  coefficient  thus  becomes  a  strong  function  of  pitch 
angle  [Lyons  et  al..  1972]. 


The  earth’s  magnetic  field  is.  however,  quite  in¬ 
homogeneous  when  considered  in  its  totality,  and  the 
wave  energy  is.  in  general,  unevenly  distributed  over  the 
space  of  the  radiation  belts.  During  the  particle  bounce 
motion,  as  the  particles  move  away  from  the  geomag¬ 
netic  equator  along  its  trajectory,  the  increasing  magnetic 
field  strength  cau.ses  both  particle  pitch  angle  and  parallel 
velocity  to  change.  The  increase  in  the  local  pitch  angle 
as  a  particle  moves  away  from  the  equatorial  plane  (see 
Equation  5.10)  implies  that  cyclotron  resonance  can 
occur  for  all  equatorial  parallel  particle  energies  greater 
than  a  minimum  value  Ejimin- 

Figure  5-20  illustrates  radiation  belt  electron  and 
ELF  whistler  mode  wave  propagation.  The  significant 
wave-particle  interactions  for  energetic  electrons  are 
shown.  Note  that  the  wave  propagation  does  not  neces¬ 
sarily  follow  magnetic  field  lines,  and  therefore  the  parti¬ 
cles  may  interact  with  waves  gcneiated  over  a  significant 
volume  of  the  magnetosphere.  For  comparison,  the  inner 
and  outer  radiation  zones  (for  electrons)  are  indicated. 

Satellite  measurements  have  shown  that  a  band  of 
whistler  mode  waves  centered  around  a  few  hundred 
hertz,  exists  essentially  continually  within  the  plasma- 
sphere.  Because  of  the  persistence  and  audio  frequency 
range,  this  type  of  wave  is  called  hiss.  Ray  tracing  studies 
have  shown  that  the  plasmaspheric  hiss  can  readily  prop¬ 
agate  across  the  geomagnetic  field  lines  [I.yons  and 
Thorne,  1970]  and  thus  fill  a  great  volume  of  the  inner 
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magnetosphere  with  wave  energy.  These  waves  are  be¬ 
lieved  to  be  generated  in  the  outer  regions  of  the  plT'-ma- 
sphere,  and  within  the  plasmasphere  the  ELF  his'  <  .ibti- 
lence  is  the  dominant  wave  component  that  intci^'cts 
with  radiation  belt  electrons.  Waves  that  may  inflt.cnce 
trapped  particles  can  also  be  generated  by  earth-based 
radio  sources. 


Figure  5-20/  Spatial  illusiraticin  ol  radialioti  belt  ek-ctrun  wave-particle 
interactions.  C  haracteristic  locations  for  the  inner  and 
outer  electron  radiation  rones  are  shaded,  and  the  mag¬ 
netic  Held  line  approximating  the  average  plasmapause 
ItKalion  is  also  Indicated.  Left  side:  U.S  kHr  whistler- 
mode  ray  paths  in  the  radiation  belts  showing  internal 
reflection  and  cross-1,  propagation  characteristics  (from 
l.yons  and  Thorne.  1970).  Right  side:  Typical  energetic 
radiation  belt  electron  trajectories  indicating  the  spiral 
motion  hetwecii  the  magnetic  mirror  points.  The  spatial 
regions  where  the  Landau  and  different  cyclotron  reso¬ 
nances  are  most  effective  arc  noted  (l.yons  et  al.  19721 

Based  on  typical  observed  wave  characteristics,  Lyons 
et  al.  [1972]  calculated  the  pitch  angle  diffusion  coeffi¬ 
cient  for  both  cyclotron  and  Landau  resonances  shown 
in  Figure  5-21.  They  also  computed  lifetimes  for  ener¬ 
getic  electrons  subject  to  this  wave-particle  interaction 
process.  An  example  of  these  lifetimes  for  average 
modeled  wave  pa.'ameters  and  a  normalized  wave  ampli¬ 
tude  of  35  my  is  shown  in  Figure  5-22.  These  lifetimes 
take  on  great  significance  in  the  modeling  of  the  radia¬ 
tion  belt  electron  structure  and  will  be  di.scussed  in  more 
detail  in  the  modeling  section. 

5.4.43  Limit  On  Radiation  Belt  Particle  Fluxes.  Plasma 
waves  generated  by  radiation  belt  particles  locally  will 
have  their  growth  rates  in  part  controlled  by  the  intensity 
of  the  trapped  energetic  flux  of  those  particles  in  reson¬ 
ance  with  the  waves.  While  radiation  belt  electrons 
within  the  plasmaspheie  are  controlled  by  the  parasitic 
type  of  interaction  mechanisms,  it  has  been  found  that 
the  radiation  belt  particle  fluxes  beyond  the  plasma- 
sphere  can  be  effectively  limited  by  the  self-generating 
wave  mechanism.  In  the  following  a  few  principal  aspects 
of  the  radiation  belt  saturation  process  arc  outlined;  for 
a  more  detailed  mathematical  treatment  Ihe  reader  is 
referred  to  Kennel  and  Pet.schek  [I966j  or  Schulz 
[I975bj. 


Figure  S-21.  The  bounre  averaged  electron  pitch  angle  diffusion  coeffi¬ 
cient  na„a,.  calculated  for  all  cyclotron  harmonic  reso¬ 
nances  and  the  t.andau  resonance.  Note  that  at  each 
energy  there  is  a  region  of  very  low  pitch  angle  diffusion 
(for  20  keV  electrons,  near  !t7'’);  this  “bottleneck"  in  tbe 
pitch  angle  diffusion  coefficient  is  tbe  cause  of  the 
“bumps"  in  the  aaual  electron  pitch  angle  distributions 
giving  rise  to  tbe  so-called  tell-sbaped  distributions 
[l.yons  et  al..  1972). 

It  has  been  demonstrated  that  there  is  a  limiting  value 
I'  that  the  radiation  belt  integral  omni-directional  flux  I 
cannot  exceed  without  provoking  a  cyclotron  wave 
instability.  Schulz,  and  Lanzerotti  [1974]  estimated  this 
limit  to  be  about  T  =  10"  L  particles  cm  3  sec  •  inte¬ 
grated  over  all  energies  and  pitch  angles.  The  linear  wavi 
growth  rate  is  y^,  and  therefore  the  growth  rate  for  wave 
energy  is  2yg,  An  incipient  wave  undergoes  a  p..rtial 
reflection  (reflection  coefficient  R  <  I)  upon  traveling 
a  distance  d  ~  L  Ry;  the  remaining  fraction,  l  -R.  of 
the  wave  is  lost  from  ihe  radiation  belts.  The  time  inter¬ 
val  between  wave  reflections  is  T  =  L  Rf./V„  where 
Vj.  =  (|d<u/dk|')  is  the  group  wave  velocity.  The  condition 
for  marginal  stability  is  that  the  waves  on  the  average  do 
not  grow  further  in  lime;  that  is,  the  decrease  in  the  wave 
amplitude  upon  rcllection  is  restored  in  one  traversal 
between  bounces; 

R  exp  [2ygLRF/Vj,]  =  1.  (5.85) 

This  defines  the  marginal  growth  rate  to  be 

yg  MVj,;2LRf)  |In  R|.  (5.86) 

If  I  exceeds  T  (that  is.  if  y  exceeds  yg)  the  consequence  is 
a  net  growth  of  wave  energy,  and  the  stronger  waves 
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Figure  5>22  Ptxhaiiofi  heti  electroft  precipitstr  a  lifetimes  due  lo  eke* 
irtMi  fwch  «fifk  w«(icnnf  miw  the  itminphenc  bounce 
\o^  cone  Thc^  liletimn  are  ft^en  for  an  average  %htstkr 
wave  amplitude  of  *  ^5  mv.  Notice  that  there  » 
peneralh  a  rntnimum  m  these  lifetimes  at  each  ei«krf>.  and 
that  tho  minimum  ts  displaced  towards  kiuer  L.*sheUs 
«tfh  hi|her  electron  enerfs  At  3000  keV  this  mminum 
occurs  ai  1.  3s  2  7  i»hile  at  500  Ve\  it  is  substanitilly 
hroaikr  and  occurs  at  I  4.2  This  minimum  ekctrim 
lifetime  is  an  imp'.Hiani  factew  for  the  electron  *vlot'"  loca* 
lion  defin;n(  the  separation  het«cen  the  lu^o  radiation 
hehs 

matter  «hc  particles  in  pitch  angle  resulting  in  precipita¬ 
tion  into  the  atmosphere  and  reduction  in  the  particle 
flux  until  I  no  longer  exceeds  I'.  If  an  external  particle 
inirctifm  stturte  is  strong  enough  to  more  than  offset  this 
maximum  loss  rate  then  the  fadiaiion  belt  particle  fluxes 
will  increase  beyond  the  stably  trapped  flux  limit  I';  this 
may  indeed  happen  for  impulsive  sources  associated  with 
disturbed  conditions.  The  aftermath  of  such  an  injection 
will,  however,  he  a  rapid  reduction  to  the  stably  trapped 
flux  intensity  level 

Figure  5-2.^  shows  a  comparison  of  the  theoretical 
radiation  belt  flux  limit  with  data  |  Kennel  and  Petschek. 
l9hA).  Notice  that  most  of  the  time  the  outer  radiation 
/one  particle  fluxes  are  just  below  the  theoretical  charac¬ 
teristic  flux  limit. 

5.4.4.4  Strong  Diffusion  Limit.  There  is,  however, 
another  important  limit  to  consider,  namely  the  upper 
limit  on  the  rate  at  which  radiation  be't  particles  can 
become  lost  to  i.vr  atmosphere  by  scattering  into  the 
bounce  loss  cone.  Consider  the  effect  of  very  rapid  pitch 
angle  scattering.  The  particle  pitch  angle  distribution  will 
then  become  essent’-dly  isotropic;  that  is.  the  flux  per 


Figure  5-2.t.  Comparison  of  the  predicted  whistler  self-cxritation  limit 
with  F>40  keV  electron  data  recorded  with  the  Explorci 
14  spacecraft  (Kennel  and  Pei>chfk.  1966). 


differential  solid  angle  interval  will  be  the  same  at  all 
pitch  angles,  even  within  the  loss  cone.  Within  the  loss 
cone  (o„  <  ooi.c)  the  particles  will  be  lost  from  the  radi¬ 
ation  belts  on  a  time  scale  Tp.  and  for  the  strong  diffu¬ 
sion  limit  to  be  reached,  the  scattering  mechanism  must 
be  faster  than  this.  The  solid  angle  of  the  loss  cone  is  just 
fli  r  =  2»r|l  cosooi.c)  sit'd  the  maximum  particle  flux 
loss  rate  6  is  then 


The  only  exception  to  this  concept  occurs  when  the 
loss  cone  becomes  a  source  cone  due  to  the  auroral 
electric  field  parallel  to  the  magnetic  field,  and  a  source 
cone  distribution  exiting  one  hemisphere  can  become 
lost  through  direct  precipitation  into  the  conjugate 
hemisphere. 

5.5  THEORETICAL  RADIATION 
BELT  MODELS 

Two  types  of  radiation  belt  models  now  exist:  empiri¬ 
cal  models  based  on  compiled  observations  and  theoreti¬ 
cal  models  derived  from  our  knowledge  of  radiation  belt 
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physicN.  The  ideal  empirical  models  represent  the  stan¬ 
dards  with  which  the  theoretical  models  must  be  com¬ 
pared.  and  they  are  also  useful  for  engineering  purp«>ses. 
However,  they  give  only  a  smoothed  statistical  picture  of 
the  time  period  when  the  data  were  obtained,  and  the 
data  collection  prwess  is  subject  to  experimental  errors 
and  misinterpretations.  1  heoretical  models,  on  the  other 
hand,  can  he  used  to  simulate  and  predict  radiation  belt 
behavitir  under  a  variety  of  conditions:  quiet  times,  dis¬ 
turbed  times,  or  magnetic  storms.  They  can  be  used  to 
study  ionic  species  and  charge  state  distributions  for 
which  no  experimental  information  is  available.  Such 
models  are  onlv  as  valid  as  the  physical  approximation 
they  arc  based  on.  however.  In  the  following  sections 
simple  theoretical  nivalcls  arc  outlined. 


(6)  By  symmetry  f(o„)s  f(n-  o,,)  so  that  one  needs 
to  consider  only  the  range  0  S  o„  ^  tt  2. 

The  complete  radiation  belt  modeling  can  be  simpli- 
fied  in  a  way  that  retains  much  of  the  essential  physics 
but  greatly  simplincs  the  mathematics,  namely  separating 
radial  diffusion  from  pitch  angle  diffusion.  Ohe  treats 
radial  diffusion  for  «„  =  tt  2  particles  only,  and  with 
given  f(«„  =  ir  2)  the  pitch  angle  diffusion  process  at 
Itxed  l.-shclis  only.  This  approach  is  not  strictly  correct 
whet,  there  is  significant  interaction  between  tbe  pitch 
angle  and  radial  diffusion  modes,  but  it  reduces  an 
almost  ui.managcable  numerical  problem  to  cases  where 
solutions  can  be  found.  The  results  should  therefore  be 
treated  with  some  caution. 


5.S.1  Quiet  Time,  Steady  State  Models 

Studies  of  quiet  geomagnetic  conditions  using  theo¬ 
retical  radiation  belt  models  serve  as  an  important  test  of 
our  eurrent  understanding  of  the  trapped  radiation 
environment.  It  is  assumed  that  under  quiet  time  condi¬ 
tions  the  radiation  belts  can  be  described  in  terms  of  an 
equilibrium  balance  between  sources,  internal  transport, 
and  losses.  Sy  mbolically  one  writes 


SL^iL]  Jii)  -0 

<Jt  '<9t /source  'dt 'transport  \dt 'loss 


(S.HX) 


Ihc  sources  are  considered  to  be  UKaicd  on  the 
boundary  of  the  trapping  region  (and  thus  describable 
via  a  boundary  condition  on  the  trapped  Ilux  for  each 
species)  as  well  as  in  the  interior  of  the  trapping  region 
(such  as  the  C'R AND-source).  The  transport  mechanisms 
arc  radial  diffusion  and  pilch  angle  diffusion.  Particle 
losses  are  caused  by  charge  exchange  ion  ncutrali/ation. 
energy  degradation,  and  pitch  angle  diffusion  into  the 
bounce  loss  cone.  Particles  diffusing  outward  may 
encounter  the  magnclcoausc  and  become  lost  from  the 
magnettispherc.  Radiation  belt  theoretical  models  consti¬ 
tute  the  combination  of  these  processes. 


5.5.1. 1  Formulathm  .tif  Boundary  Conditions.  For 

steady  state  conditions  one  needs  in  general  boundary 
conditions  on  the  panicle  distribution  function  f; 

(1)  At  1,  =  l-iKiv  (outer  boundary)  one  specifies  the 
particles, energy  spectra  and  angular  distributions, 
which  defines  fat  the  outer  boundary. 

(2)  At  I  =  l.,„|,  =  I  (inner  boundary  formed  by  the 
surface  of  the  etirth)  the  particle  distribution  func¬ 
tion  vanishes  (f  "  (!). 

(.^)  At  o,,  -  IT  2  ;  dl  do:,,  =  0. 

(4)  At  o„  =  0  or  7T  ■  df  do,,  =  0. 

(5)  At  P  =  P,,,,,,.  (or  I  =  lniav):l  =  where  l(K) 

McV. 


S.5.1.2  Eltciron  .Model.  Radiation  belt  electrons  arc 
described  by  'he  diffusion  equation 

3T  "  '  -  ^  *  slniojTlcr,,) 

(5.89) 

sin2a.,  T(a„)  ♦  G,(I.)m  '  ^  , 

where  0^.(1.)  is  the  Coulomb  loss  term  for  electrons. 
Lyons  and  Thorne  [197.^]  separated  radial  and  pitch 
angle  diffusion  by  substituting  for  Equation  (5.71)  the 
two  equations 


They  solved  F.qualion  (5.91)  under  an  a.ssumed  angular 
distribution  presening  exponential  decay  conditions  and 
obtained  the  lowest  normal  mode  pitch  angl*  disiributio'' 
and  electron  precipitation  lifetimes  7,,.  Their  results  . 
shown  in  Figures  5-24  and  5-25  rcspcctively.  The  prcci,-, 
tation  lifetimes  were  calculated  assuming  a  mean  Fi.l 
Whistler  mode  wave  amplitude  of  25nl .  For  other  wave 
amplitudes,  these  lifetimes  segle  as  (B„  .f5m7)  '. 

Using  these  characteristic  electron  scattering  precipi¬ 
tation  lifetimes  it  is  possible  to  solve  the  steady  state 
radial  diffusion  F.qualion  (5.90)  for  equatorially  mirror¬ 
ing  radiation  belt  electrons.  I  he  results  are  shown  in 
Figure  5-25. 

A  simplification  in  this  w  ork  was  a  priori  approxima¬ 
tion  of  the  Coulomb  collision  "loss  time"  which  was 
defined  as  T^.,.  =  tfdt  dt)  '  where  dt  dl  is  given  by 
Equation  (5.64);  this  is  a  rather  crude  approximation  for 
the  last  term  in  (5.90).  since  T^.^.  really  depends  on  the 
distribution  function  itself  as  given  by  Equation  (5.66), 
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higufe  504.  PrcdtctcU  radiation  hch  electron  pitch-anek:  dislnhuti«»n\ 
[I  wins  and  I  h<irnc.  I  hc'yxampic  sho>cn  vias  caku- 

lalcd  «sinK  a  (ianssian  f  I  I-  vihistlcr  mode  hiss  lurholcncc 
lreu«cm  \  dtstrjh'itton  ,  peaked  at  W>0  H/  and  vwth  a 
handvwdth  ol  VMt  H/. 

Much  of  Ihc  essential  radiation  belt  electron  physics  is 
retained,  however.  Notice'  how  well  the  electron  slot 
region  that  separates  the  radiation  /one  into  two  belts  is 
reproduced  compared  with  actual  data  from  the  (KiO-5 
spacecraft,  both  in  width  and  I. -shell  location  for  differ¬ 
ent  energies.  Perfect  agreement  in  all  details  should  not 
he  expecteo  since  the  theo.y  treats  average  conditions 
based  on  parametri/ed  wav  characteristics,  while  the 
data  are  for  a  specific  time  when  the  recordings  were 
made. 

From  such  calculations  we  have  learned  that  for 
energetic  electrons,  wave-particle  interactions  are  the 
cause  i>f  the  division  into  two  distinct  belts,  since  elec¬ 
trons  in  the  “slot"  region  are  lost  to  the  atmosphere  at  a 
fast  rate,  fhose  few  electrons  that  survive  the  cross-l. 
transport  to  arrive  in  the  inner  radiation  /one  became 
very  stable  since  the  time  scale  for  wave  particle  scatter¬ 
ing  is  very  long  there. 

5.5.1..^  Proton  .'VIodel.  Rmpirieally,  radiation  belt  pro¬ 
tons  are  not  distributed  into  two  radiation  /ones.  At  con¬ 
stant  proton  energy  there  is  generally  a  single  peak  in  the 


Figure  5-25.  I  hcorcikal  ami  observed  radiation  belt  eleetron  radial 
iluv  distiibuiions  al  the  gieomagiietle  ev|ualor.  the  Iheo- 
retieal  results  Idashed  eurvesi  are  eakulaied  from  radial 
ditliision  ol  energetle  electrons  subject  to  pilch-angle  scat¬ 
tering  due  to  the  trcsonant)  hi  h  whistler  mode  turbu¬ 
lence  (hiss)  within  the  plasmasphere.  I  he  data  (solid  lines! 
are  taken  Irom  the  tXiO  5  spacecraft.  Notice  how  well  11.6 
theory  simulates  Ihc  Imation  and  width  ol  the  observed 
radiation  belt  separation  (slot)  region  over  a  wide  range  ol 
eleetron  energies  leaving  essentially  only  Ihe  liner  details 
of  Ihe  equilibrium  distribution  lor  luturc  investigation 
(l.yons  and  I  home.  I'hf.tj. 


proton  llux  radial  distribution  and  this  peak  is  located  on 
lower  I. -shells  with  higher  proton  energy.  No  specific 
wave  mode  has  yet  been  identified  that  interacts  in  a 
dominant  way  with  >I0<)  keV  protons  below  the  average 
plasmapause  Uxation,  On  the  other  hand,  protons  (like 
all  ions)  are  subject  to  the  charge  exchange  prtxess. 

Neglecting  pitch  angle  scattering,  the  radial  diffusion 
equation  for  equatorially  mirroring  («„  =  rr  2)  protons 
may  be  written 


(fj)  =  L^i?  ,  2(df  dl.)] 

0(1.)//  '  -(i?f  d/i) 


.\|(,l  + 

(5.92) 


where  .\|()  =  <  (j[’|  [Hj  v  >  is  the  charge  exchange  loss 
frequency  per  unit  distribution  function  f.  1o  simulate 
'the  steady  state  radiation  belts  (that  this  equa¬ 

tion  can  likewise  be  solved  when  suitable  boundary  con¬ 
ditions  are  imposed.  I  he  boundary  conditions' arc  estab¬ 
lished  by  using  a  measured  outer  /one  proton  flux  spec¬ 
trum.  and  by  covering  an  energy  range  sufficiently 
large  that  f(l. .//)  =»  0  at  n  >  //max  where  /u,„ax  corre¬ 
sponds  to  the  upper  limit  of  the  radiation  belt  trapping 
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energies  considered.  Figure  5-26  shows  the  computed 


Figure  5>26.  Radiation  belt  proton  ertergy  spectra  obtained  from  a 
theoretKal  calculation  based  on  proton  radi^  diffusion 
subject  to  Coulomb  collisions  and  charge  exchange  losses. 
So  wave^parttcle  interactions  were  considered.  Boundary 
conditions  were  imposed  at  L-6.6  with  data  from  the 
ATS-b  spacecraft,  and  the  computed  spectra  at  lower 
L'sbells  are  compared  with  available  equatorial  data  from 
Explorer  45.  TIm  results  of  the  theoretical  calculations 
below  a  few  tens  of  keV  energies  may  be  inaccurate  since 
convection  processes  may  dominate  over  diffusion  at  these 
low  energies  (Spjeldvik.  I977|. 

radiation  belt  proton  spectra  obtained  with  this  method, 
and  data  are  shown  for  comparison  (taken  from 
Explorer  4S  below  L  =  S  I).  Notice  that  the  spectral  max* 
imum  found  at  L<S  generally  is  displaced  towards 
higher  energies  with  lower  L-shells,  The  flux  values  com¬ 
puted  below  a  few  tens  of  keV  are  below  radiation  belt 
energies  (convective  processes  also  operate  in  that  range) 
and  should  not  be  considered  reliable.  The  comparison 
with  data  is  quite  good,  however,  giving  support  to  the 
usefulness  of  the  radial  diffusion  theory  above  at  least 
100  keV. 

A  complementary  view  of  the  theoretical  radiation 
belt  proton  (luxes  is  given  in  Figure  5-27  which  depicts 
the  computed  radial  distributions  for  different  proton 
energies.  ■  Qualitatively  similar  to  the  observations,  the 
radial  flux  maxima  are  displaced  towards  lower  L-sbells 
with  higher  proton  energy.  On  L-shells  well  beyond  the 
flux  radial  peak  location,  the  characteristic  time  scales  of 
diffusive  transport  are  substantially  shorter  than  that  of 
the  loss  processes.  This  si  .nation  is  called  diffusive  equili¬ 
brium.  There  is  also  an  important  connection  with  the 
magnitude  of  the  radial  diffusion  coefficient.  As  Du 
increases,  the  diffusive  equiliorium  radial  range  extends 
towards  lower  L-shells,  and  the  radial  peak  location  is 
found  at  lower  L.  Also,  the  absolute  magnitude  of  the 
flux  radial  peak  increases  as  D]  |  increases.  An  enhanced 
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Fifuit  5-27.  Theoretical  proton  radial  dhlributions  calculated  from 
proton  radi^  diffusion  subject  to  Coulomb  collhion 
enerip  losses  and  charfe  exchanpe  loss.  Notice  theic  h  no 
division  (or  slot)  within  the  trapping  region  The  curves 
now  show  that  the  radial  llux  maximum  is  dispheed 
towards  lower  L-shells  with  higher  proton  energy.  For 
details  about  the  numerical  calculations  sec  Spjcldvik 
II977J. 

Dli.  causes  a  substantial  increase  in  the  trapped  fluxes 
bn  L-shells  below  the  peak  flux  location.  Proton  models 
that  treat  other  than  equatorially  mirroring  pitch  angles 
in  a  comprehensive  manner  luve  not  yet  been  developed. 
The  reason  is  partially  that  ^aoOo  is  not  know  for  prot¬ 
ons,  and  partially  that  solving  the  simultaneous  proton 
radial  and  pitch  angle  diffusion  problem  subject  to  the 
simultaneous  ^'Variations  is  mathematically  diflicult 
owing  to  the  great  inhomogencity  in  the  coefTicients. 

5.5.1. 4  Heavy  Ion  Models.  Besides  electrons  and  pro¬ 
tons,  the  earth's  radiation  belts  contain  appreciable  fluxes 
of  energetic  helium,  carbon,  oxygen,  and  other  ions. 
Theoretical  modeling  of  these  ion  populations  can  be 
carried  out  by  a  generalization  of  tfie  proton  model.  One 
must  consider  a  distribution  function  for  each  charge 
state  of  a  given  radiation  belt  species,  as  well  as  the  cou¬ 
pling  between  charge  states  imposed  by  the  charge 
exchange  chemistry.  For  helium ■  ions  one  may  write  the 
coupled  equations  for  equatorially  mirroring  ions; 

(Ip)  =L2^  <?L  [D,.,.,L  2(df,/dL)]  + 

(5.93) 

G|(L)  U  '  ^('Jf|/^M)  -Viofl  *  -521^2  -  ‘5|2f| 
and 


df 


--  L2^  .JL  [Du  jl-  2(af2  dl.)]  + 


(5.94) 


Old.)  M  '  2(df2/dM)  A2|f2  ♦  A2|f| 
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whea*  the  subscripts  indicalc  the  inn  charge  slate. 

These  cs|ualinns  have  also  been  sol\ed  numerically 
IC'ornssall.  1972:  Spjeldvik  and  Frit/.  1978a].  and  snmc 
of  the  findings  arc  illustrated  in  Figure  S-2X.  Notice  that 
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i'lg^nc  S-'M  lhe‘»retKai  helium  nm  dtsinhutuins  cakulaUnl' 

trom  i.hIijI  dilhiMon  tht'nrv  viith  (  oulomh  ci»tiivf«»nN  ^mf 
chjr|!c  excharev'  SieIkI  cuiAk-A  c«4tt;tli»rialK  mirrtH* 
ing  tluxrx  «>t  He  *  while  the  dashed  curxcN  depKi  He* 
\«*ttcc  ihat  He*  IS  dominant  helow  '  I  McN  whtUr  Hc*'k 
dominant  M  hij^hcr  cm‘r){H*N  (SpK'klxik  and 

there  is  a  transition  frttm  charge  state  I  (He*)  to  the  stale 
2  (He-* I  at  energies  around  I  MeV.  so  that  the  lower 
charge  stale  of  helium  ions  is  most  abundant  at  the  lower 
energies  and  the  higher  charge  slate  at  the  higher  ener¬ 
gies.  The  spectral  features  computed  for  helium  ions 
below  -  I  MeV  stem  from  the  energy  dependence  of  the 
radial  diffusion  coefficient  l)|  |  and  the  Ittss  rales,  fhesc 
have  yet  to  be  verified  or  refuted  by  (thservaiions. 

For  even  heavier  ions  a  multitude  of  charge  states  arc 
available  to  the  radiation  belt  heavy  ions:  for  carlKin  ions 
there  are  sis  positive  charge  states,  and  lor  oxygen  ions 
there  are  eight  In  general,  lor  a  given  ion  charge  stale  of 
an  elemental  species  with  s  available  states,  the  radial  dif¬ 
fusion  equation  for  equaiorially  rnirroring  ions  may  be 
written 

eh,  '  , 

^  =  I  <91  [Hi  1 ,1.  -VI,  <91  »]  (i,(l  )M  I  -Vf,  <9u) 

,  >  (5.951 

.\i„fi  ^  .\„r,  t  ^  .\,|f,  for  i  ^  j 

where  denotes  charge  stale  transformation  from  stale 
i  to  slate  j.  so  that  -  0  f.ir  i  =  j  ISpjeldvik.  I979|. 

I  he  radial  diffusion  equation  has  been  solved  for 
vquatorially  mirroring  radiation  bell  <ixvgcn  ions 
ISpjcldvik  and  Frit/.  I978h|.  and  one  of  the  findings  is 
that  oxygen  ions  can  he  more  numerous  than  protons  at 
multi  MeV  energies.  I  he  oxy  gen  ion  charge  state  distri¬ 
bution  is  predicted  to  vary  Irom  a  dominance  of  ()*  ions 
at  energies  below  -  KKI  keV  to  successively  higher  charge 
states  at  the  higher  energies:  for  example  at  4  MeV  the 


fourlh  charge  stale  should  he  most  abundant.  A  signifi¬ 
cant  finding,  illustrated  in  Figure  5-29.  is  that  the  radia¬ 
tion  belt  charge  state  distribution  in  the  interior  of  the 
radiation  belts  (1.  <  5)  is  almost  completely  independent 
of  the  charge  stale  distribution  of  the  outer  radiation 
/irne  source.  In  fact,  this  figure  shows  that  rcgardlc-ss  of 
the  source  being  ionospheric  (source  charge  state  I)  or 
solar  (source  charge  state  h  dominant)  a  steady  state 
radiation  hell  distribution  over  ion  charge  slates  evoivc’s 
that  is  independent  of  the  soume  characteristics  in  the 
interior  of  the  trapping  region. 
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l‘i|eiirc  5'N  .  Rclaltxc  charw  stale  ittsiriKtiiion  toi  radiation  hell  oxv* 
pen  ions  left  piincl'  an  iimospbcric  souicv  of  nms  i\ 

'  assfimcil;  Ripht  panel  a  solar  iwimfl  souro.*  <»l  ions  is 

assunHHt  OiK'  hnds  the  stcadx  state  r.uliaiion  hell  charpe 
slate  4lisirihoiu»n  in  the  imerun  of  the  irappiop  repton 
btxnmes  taipcK  indepetHleni  oi  the  stfurs-e  eharpe  stale 
charastensiK's 


I  he  findings  concerning  charge  states  ol  energetic 
radiation  hell  ions  may  fie  sumnuiri/ed  as  follows: 

1.  Higher  charge  stales  are  crucially  imporlunt  lor 
the  overall  structure  of  the,  heavy  ion  component 
of  the  earth's  radiation  hells  above  --  l(X)  keV. 

2.  C  harge  stale  redistribution  processes  are  of  major 
importance  throughout  much  ol  the  radiation 
bells  and  at  all  energies. 

3.  Radiation  belt  charge  slate  distribution  becomes 
largely  independent  ol  souree  charge  stale  charac¬ 
teristics  because  of  the  frequent  "internar  charge 
exchange, 

4.  Rc.ative  charge  state  distribution  is  to  a  large 
extent  independent  of  the  diffusive  transport  rate 
in  much  of  the  inner  magnetosphere. 

I  he  last  two  conclusions  arc  valid  below  a  charge 
stale  redistribiiiion  /one  adjoining  the  particle  injection 
region  in  the  outer  radiation  /one. 
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5.S.i.5  Theoretical  Radiation  Belt  Ionic  CompoMtion. 

Hccuiise  of  experimental  difrieulties.  <»nly  very  limited 
information  is  axailahle  concerning  the  actual  composi¬ 
tion  ot  radiation  belt  ion  lluxes.  For  this  reason  we  pres¬ 
ent  a  theoretical  prediction  of  radiation  belt  protons, 
helium  and  oxygen  ion  Huxes  at  I.  ^  (in  the  center  of 
the  radiation  hells).  This  is  shown  in  Figure  5-.V).  It  must 


l^iuiuc  I hctirt’iK'.il  «'i  (he  r;K}Mii(tn  K-li  ion  IIuxcn  (.'om- 

.  pjrtMMi  Ilf  ihi'orettcjltv  prctltcU'd  ciicr|!\  \pcvlr;i  *»l 
proton,  hctuicii  ;muI  o\\|!v‘n  (Imcv  at  I  .V25  for  dtilcrcnt 
iIiIUkumi  coclticicn(>  (SpKl<J'><kk. 

he  kept  in  mind  that  these  predictions  have  yet  to  he 
>erilied  or  refuted  by  experimental  obv.r\ation.  particu¬ 
larly  in  the  UNI  MNIO  keV  range.  I  he  prediction  is  that 
protons  should  he  the  dominant  ion  species  IromO.  I  to 
I  MeV.  helium  ions  should  dominate  at  I  to  sexcral  MeV 
per  ion.  and  at  higher  energies  oxygen  (and  possibly  also 
carbon)  should  dominate.  These  comparisons  are  done  at 
cqiKil  iiiial  ion  cncrgi.  If  comparison  is  made  at  etfual 
I’/wrgi  />vr  mil  Icon,  then  protons  would  he  the  dominant 
constituent  at  almost  all  radiation  bell  energies  beytmd  a 
few  lens  of  f  -V. 

5.5.2  Cieomagnetic  Sturmit 

Most  radiation  bell  modeling  deals  with  equilibrium 
conditions  appropriate  for  quiet  lime  conditions.  I  here  is 
at  the  present  time  no  fully  comprcheiisixe  radiation  bell 
model  lor  the  ellecis  of  geomagnetic  storms  and  other 
disturbances.  I  he  reason  is  partially  the  incomplete 
knowledge  of  the  radiation  hell  particle  source  mech¬ 
anisms,  and  in  part  that  disturbed  lime  modeling  isdiffi- 
ctili  because  ol  the  changes  in  magnetic  field  and  lime 
varying  electric  lields  that  musf  be  also  incorporated. 
Research  is  being  conducted  in  this  area,  hut  no  definite 
models  are  available  as  of  this  writing. 

Specific  types  of  disturbances  and  associated  lime 
variability  haw.  howcw'i.  been' analyzed.  .Among  these 
are  studies  ol  the  post-geomagnetic  storm  decay  of  ener¬ 
getic  particle  lluxes  lolltwving  the  (yet  not  fully  explained) 


injection  events.  Lyons  and  Thorne  [197.^1  have  demon¬ 
strated  that  tlie  radiation  belt  electron  particle  scattering 
lifetime  cun  explain  quantitatively  the  rcstoraiion  of  the 
radiation  bell  slut  region  after  it  becomes  filled  in  during 
the  storm  injection  prtKcss.  Spjcldvik  and  Thorne  [1975] 
subsequently  demonstrated  that  the  precipitating  electron 
Ilux  into  the  middle  latitude  ionosphere  following  such 
storms  causes  enhanced  I)-region  ionization  of  sufficient 
magnitude  to  explain  VI.K  radio  wave  phase  anomalies 
observed  at  such  times.  Spjcldvik  and  Lyons  [  l9K0l  have 
suggested  a  simplified  prediction  model  for  these  effects. 

I  here  is  rea.son  to  think  that  magnetic  storms  differ 
considerably  from  one  another,  not  only  by  the  magni¬ 
tude  of  the  ring  current  storm  index  D,,  but  also  in  the 
injection  characteristics  of  energetic  ion  fluxes.  Once 
injected,  radiation  hell  particles  become  subject  to  the 
normal  processes  in  the  trapping  region  discussed  earlier. 
For  specific  magnetic  storms,  the  post-storm  decay  of 
protons  and  heavy  ions  has  also  been  studied,  and  fair 
agn.’cment  between  predictions  and  observations  has 
been  reported  in  limited  energy  ranges  where  the  data 
were  available  [Spjcldvik  and  Fritz,  l9Kla  &  b]. 

5.5.2. 1  The  Variability  of  the  Parameters.  Within  the 

framework  of  radiation  belt  diffusion  theory,  the  injec¬ 
tion  ot  particles  is  described  by  a  (time  variable)  source 
term  S(L.  P.a„:t).  I  hc  boundary  conditions  may  also  be 
time  variable,  reflecting  dynamic  conditions  on  the  outer 
edge  of  the  stable  trapping  region  flLp^,.  P.o„;t).  and 
the  transport  cocfllcicnts.  D| j  and  will  also  be 

time  variable  reflecting  the  geomagnetic  activity  level. 
Based  on  limited  data.  Lanzerotti  et  al.  [!97Kl  estimated 
that  the  radial  diffusion  coefficient  might  vary  with  the 
Kp  geomagnetic  index  as 

=  10  f  L">  (5.%) 

with 

( r  (9.6  0.07  t  Kp).  (5.97) 

It  is  not  yet  known  how  and  l7o„o„  might  vary  with 
geomagnetic  conditions.  It  is  known  however  that  the 
exospheric  neutral  density  varies  with  activity  (because  of 
the  heating  of  the  upper  atmosphere),  and  the  plasma- 
spheric  densities  certainly  vary  strongly  .  A  first  appioach 
may  be  to  solve  the  appropriate  transport  equations 
using  perturbation  theory  for  the  different  variables. 
Some  geomagnetic  conditions  may.  however,  be  too 
drastically  altered  to  be  treated  as  perturbations,  so  cau¬ 
tion  is  in  order.  At  the  present  lime  there  are  many 
unknowns,  and  specific  models  have  yet  to  be  developed. 

5.5. 2.2  Magnetic  Topology  Variations.  During  the  early 
phase  of  magnetic  storms  the  earth's  magnetic  field 
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becomes  compressed  on  the  daysuie.  It  has  been 
observed  that  the  subsolar  magnetopause  can  he  pushed 
inward  from  an  average  liK'ation  of  ~IOR|  to  ~5Rk 
during  large  storms.  This  implies  a  large  B-ficId  change. 
Depending  on  the  rapidness  of  the  field  change,  the  par¬ 
ticle  population  may  respond  adiahalically  or  non- 
adiabaiically.  However,  most  magnetic  storms  do  not 
cause  such  a  large  perturbation  of  the  magnetic  field. 
Increase  in  the  lower  energy  (~l()  5(K)keV)  radiation 
belt  ion  fluxes  produces  an  enhanced  r/wg  current  (see 
Section  5.7)  that  depresses  the  earth's  magnetic  field 
earthward  of  the  enhanced  particle  flux  region,  and 
causes  adiabatic  deceleration  of  the  trapped  radiation 
belt  particle  fluxes.  These  effects  must  also  be  incorptv 
rated  into  storm-time  radiation  belt  prediction  models. 

On  tbe  other  hand,  geoeicctric  fields  penetrating  into 
the  trapping  region  during  disturbed  conditions  ( Harcl  et 
al..  l9Kla.  b)  can  cause  cross-1,  nun-diffusive  transport 
and  thus  adiabatic  acceleration  of  the  panicle  population 
[Lyons  and  Williams.  19X0].  The  relative  inllucnce  of 
these  priKesses  depends  on  paiticle  energy. 

5.6  EMPIRICAL  RADIATION  MODELS 

Since  the  discovery  of  the  earth’s  radiation  belts,  the 
pripulation  of  trapped  particles  has  been  measured  with 
ever  improving  instrunKmtation.  The  early  (ieiger  coun¬ 
ters  llown  on  the  fust  few  spacecialt  had  little  or  no  par¬ 
ticle  identification  capabilities.  Subsequent  instruments 
used  foil  techniques,  solid  state  detectors,  magnetic 
and  or  electric  delicction  techniques  and  electronic  signal 
discrimination,  fhis  led  to  a  clear  separation  of  electrons 
and  ions  (which  were  then  assiic^ed  to  he  solely  protons). 
During  the  later  years  ol  space  exploration  the  presence 
of  a  miiltitiide  of  diflerent  ion  species  was  established. 

I  he  purpose  of  this  section  is  to  provide  a  brief  overview 
of  existing  radiation  hell  data,  as  a  source  guide  lor  those 
who  require  crude  nunKiical  estimates  of  the  radiation 
environment.  It  is  emphasized  that  the  older  empirical 
-proton-  model  in  reality  represents  contributions  from 
many  ion  species,  and  that  sometimes  the  heavy  ion  con¬ 
tribution  may  be  dominant. 

5.6.1  Data  Acquisition  and  Processing 

Fmpirical  radiation  belt  miHlels  are  compiled  by 
NASA  National  Space  Science  Data  Center,  (ioddard 
Space  Flight  Center  in  Maryland  [Yette  et  al..  1979  and 
references  therein],  fhcsciinodids  represent  a  systematic 
effort  to  compile  many  years  of  data  containing  a  large 
numbc'  of  disparate  satellite  observation-,  into  a  iew  key 
models  J  hese  observations  were  sepanited  in  space  and 
time,  and  made  with  highly  varying  instrumentation  so 
that  subicctive  judgments  were  necessary  regtirding  data' 
quality.  I  he  complexity  of  the  task  is  appreciated  if  one 


considers  the  vol  tme  of  space  to  be  covered  and  the  time 
variation  in  the  particle  lluxes.  Most  of  the  data  used  in 
the  NASA  models  were  obtained  in  the  I9b()'s  and  early 
I970*s.  For  example,  the  present  AP-X  rntnlet  for  protons 
is  a  combination  of  94  dilfeamt  instrliment  energy -detec¬ 
tor  channels  from  instruments  llown  on  24  satellites 
[Sawyer  and  Vette.  I976|.  Fhe  combined  data  sets  were 
smmuhed  to  obtain  omnidirectional  Ilux  distributions  in 
the  B.  1.  parameter  space.  Fhe  lluxes  were  integrated 
over'  alt  pitch  angles  and.  therefore,  directional  infornta- 
lion  was  not  utili/ed.  Other  limitations  in  the  data  sets 
arc  variations  in  instrument  response  and  the  lack  of 
liK'al  time  dependence  considerations.  Also  note  that  the 
Ilux  mrxiels  are  compiled  from  a  data  base  obtained  over 
a  brief  time  period  in  comparison  with  other  geophysical 
and  solar  time  scales.  Long  term  dy  namical  changes  in 
the  radiation  belts  arc  not  well  understood  so  that 
extrapolation  to  different  eptK'hs  must  he  done  cau¬ 
tiously.  For  example,  much  higher  lluxes  than  the  mod¬ 
els  give  have  recently  been  observed.  Dne  example  of 
very  long  term  ellects  is  the  adiabatic  energization  of 
inner  belt  protons  by  the  secular  variation  of  the  earth's 
magnetic  Held  [Schulz  and  Paulikas.  1972). 

5.6.1. 1  Protons  (Ions).  It  has  become  customary  to 
refer  to  energetic  protons  located  below  1.  ~  2  as  inner 
belt  or  inner  ztme  protons,  fhis  is  a  misnomer,  however, 
since  the  prtUon  lluxes  normally  have  ttniy  one  radial 
Ilux  peak.  Sawyer  and  Vette  [I97b|  have  completed  an 
extensive  nuHlel  t>f  the  trapjied  “protttn-envinvnment  luit 
to  1.  =  6.6  h>r  energies  above  MX)  keV.  fhe  measured  ions 
were  labeled  “prottr-.s”.  although  nt>  actual  ion  identiFica- 
tion  was  made.  Fhe  model  is  composed  ol  two  parts. 
.M*XM1N  and  APXVIAX.  which  correspond  to'observa- 
tions  made  during  the  1960-1970  sunspot  minimum  and 
maximum  conditions,  respectively,  fhe  dificrence  be¬ 
tween  these  two  models  is  thought  tt>  result  in  part  from 
dificrences  in  upper  atmosphere  heating  during  solar 
ai'tivc  periods  such  that  the  trapped  particle  collision 
rate  Iduc  tt>  the  exospheric  expansion)  was  increased. 
APHM.A.X  differs  irorn  APXMIN  for  altitudes  less  than 
about  MXM)  km  and  For  I  values  less  than  2.9.  Steep  spa¬ 
tial  gradients  in  the  ion  lluxes  at  lower  altitudes  arc  diili- 
cult  to  delcrmi.'.c  accurately. 

An  equatorial  profile  r)f  the  ion  (proton)  lluxes  as 
given  by  APXMIN  is  shown  in  Figure  .S-.ll.  Note  the 
presence  of  >4<X)  MeV  protons  lor  I  <  2.  I  his  is  con¬ 
sistent  with  higher  energy  protons  being  produced  by  the 
decay  of  neutrons  produced  in  the  atmosphere  by  cosmic 
rays  (the  ('R  AND  srnircc).  fhe  lower  energy  lluxes  can 
arise  fr«>m  inward  radial  dilfusion  as  discussed  in  the 
theoretical  nuHleling  section. 

Fhe  APX  proton  models  include  no  data  after  1971) 
and  very  little  data  above  100  MeV  energies  |  Vette  et  af. 
I97X|.  Although  the  "proton"  belt  is  consiilered  far  more 
static  than  the  electron  belts,  signilicant  enhancement 
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Figure  Kjdiui  diMrihution  (»i  APKMIV  omnKitrcclional  fluxes  ol  proiom  in  the  e^uatonul  plane  with  energies  ahuxe  thrcsht>}d  values  between 
0-1  and  400.0  MeV  (Sawyer  and  Vcitc,  I97n|. 


and  depletions  have  been  observed.  A  secondary  equa¬ 
torial  proton  peak  (40-1 10  MeV)  of  unknown  oripin  was 
observed  by  McHwain  {l%51.  This  peak  moved  from 
I.  -  2.25  to  I.  =  2.1  earth  radii  between  January  I96.J  and 
January  1965.  During  the  large  May  1967  magnetic 
storm  2.2  8.2  MeV  proton  fluxes  were  observed  to  in- 

erea.se  mixc  than  a  factor  of  10  at  1.  =  2.2  [Bosirom  et  al.. 
|97l|.  Lower  energy  (0.26-0.65  MeV)  protons  were 
observed  to  be  preferentially  enhanced  during  the  same 


storm  at  I,  =  .^.0  [Rothwell  and  Katz.  I97.J].  Beyond 
I.  =  5  earth  radii,  order-of-magnitude  fluctuations  tKcur 
on  time  scales  as  short  as  10  minutes  [.Sawyer  and  Vette. 
1976].  Very  large  increa.scs  in  MeV  heavy  ion  fluxe:;  at 
I.  =  2  5  were  observed  during  the  August  1972  magnetic 

storm  event  [Spjeldvik  and  Fritz.  I98la.b,c]. '  For  this 
reason  engineering  applications  sf.  /uld  consider  large 
deviations  from  the  mean  models. 

Off-cquatorially  mirroring  ions  intercept  the  upper 
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atmosphere.  At  L  =  1.17  the  equatorial  pitch  angle  distri¬ 
butions  have  very  steep  loss  cone  gradients  such  that  the 
particle  flux  vanishes  at  Ooc$73®.  At  L  =  1.50  this  “cut 
off"  is  Ooc  ~  37°  and  for  L  =  2.0C.  ~  21°.  These 

cutoffs  come  about  because  the  atmospheric  bounce  loss 
cone  is  wide  at  the  lower  L-shells  as  seen  in  equatorial 
pitch  angle. 

The  South  Atlantic  Magnetic  Anomaly  has  a  control¬ 
ling  effect  on  the  inner  rone  particle  fluxes  in  the  vicinity 
of  the  loss  cone.  This  anomaly  arises  from  the  earth’s 
magnetic  field  being  less  intense  at  a  latitude  longitude 
region  located  near  the  coast  of  Brazil.  Trapped  particles 
at  these  tow  L-shells  will  encounter  their  lowest  mirroring 
altitude  (H„,nl  and  thus  the  densest  atmosphere  in  this 
longitude  region.  Figure  5-33  shows  omnidirectional 
proton  .flu.s  contours  in  protons  cm  2  sec  '  MeV  •  at 
750  km  altitude.  These  contou''s  were  derived  from  5  to 
7  MeV  (dashed  lines)  and  28  to  45  MeV  (solid  lines)  data 
channels  on  the  AFGl.  panicle  identifier  instrument 
flown  on  AF  Satellite  72-1  in  1972.  The  data  show  that 
the  liKation  of  the  oroton  peak  flux  in  the  South  Atlan¬ 
tic  is  dependent  on  energy.  The  5  to  7  MeV  peak  is 
located  around  1.  =  2  while  the  28  to  45  MeV  peak  is 
located  around  L  =1.3. 
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Meuir  5-,^.V  PruKin  ixiinirnsity  Ilux  conKiurs  as  mcasuml  in  lh«  S»ulh  Allanik'  anomaly  at  an  altitude  of  750  km.  The  solid  lines  depict  21t-45  MeV 
proton  lioni  iluxcs  and  the  dashed  lines  5-7  MeV  pririon  Iluxes.  The  Ilux  units  arc  part icles/lcm^-s- MeV (, 


The  a/iinuthal  drift  around  the  earth  of  radiation  belt 
particles  through  the  South  Atlantic  anomaly  region 
produces  a  “windshield  wiper”  effect.  Fkxtrons  present  in 
the  enhanced  loss  cone  creatc’d  hy  the  locally  low  B-iield 
a-gitin  are  U>st.  These  electrons  are  subsequently  replen¬ 
ished  by  pitch  angle  diflusion  during  their  drift  around 
the  earth  outside  the  anomaly. 

Solar  cycle  variations  and  high  altitude  nuclear  deto¬ 
nations  that  modify  the  atmospheric  composition  signifi¬ 
cantly  ailed  the  trapped  particle  populatitins.  A  15-ycaf 
time  study  of  inner  belt  55  MeV  protons  concluded  that 
the  observed  flux  variations  were  consistent  with  ex¬ 
pected  atmospheric  loss  processes  ( I’arsigr.ault  ct  al.. 
IWI|. 

5.6.I.2  Heavy  Ions,  fhe  abundance  of  trapped  heavy- 
ions  give  clues  to  the  origin  of  the  radiation  belt  particles. 
At  high  energies  they  also  constitute  a  hazard  to  opera¬ 
tional  space  systems.  Over  the  last  decade  data  have  been 
acquired  to  sketch  the  spectral  and  angular  de|X’ndence 
of  the  helium  and  carhon-nitrogen-oxygen  (t'NO)  Iluxes. 

Hclitini  Inns:  Helium  ions  are  sometimes  referred  to 
as  alpha  particles,  although  in  a  strict  sense  an  alpha  par¬ 
ticle  is  only  the  totally  ionized  state  of  a  helium 

ion.  Figure  5-34  shovs  average  equatorial  helium  ion 
spectra  over  a  range  ol  I  -shells  during  quiet-time  condi¬ 
tions  (Fritz  and  Spjeldvik.  I97<f|.  Notice  that  these  spec¬ 
tra  arc  very  steep  at  I.  4.  become  much  harder  with 
lower  I -shells,  and  are  almost  flat  at  I  ~  3.  This  is 
expected  since  the  lower  energy  helium  ions  arc  preferen¬ 
tially  lost  through  the  ion  exchange  mechanism  and  Cou¬ 
lomb  collision  energy  degradation,  as  the  particles  diffuse 


radially  inward.  The  observed  ratio  between  helium  ion 
and  proton  Iluxes  simultaneously  observed  arc  given  ii< 
Figure  5-35.  Care  must  be  exercised  whether  the  ratio  is 


HELIUM  ION  ENERGY  (MeV) 

I  i{;urc  5-.W  f  ner^v  \pcctra  t»!  equulnria)  ruJiatton  belt  iicliuin  ions 
deduced  'rom  mass  ion  observations  on  I  vps«»rer  45  dur- 
in|!  the  j!eorojj!nciical!'.  quiet  period  .lunc  1-15-  I  he 

^atii  are  given  at  I  2.25.  2.5.  2.75.  .V  .^.25.  .V5.  4.  4  5. 
and  5  |hrit/  and  SpjeldMk.  I979|. 
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Figure  5-3S.  Q'iiei  lime  He  p  ion  Oux  ration  in  the  et(uauirial  radiation 
betis  o(  the  earth  deduced  from  f^plorcr  45  oh^ervalion^ 
during  June  1-15.  1972.  The  ratios  are  calculated  from 
flux  ohsersations  at  eifual  energy  per  ion  The  shaded 
area.s  depict  the  experimental  uncertaints  in  the  data 
(Frit/  ar*d  Spjcfdsik;  I979|. 

defined  at  the  same  total  ion  energy  or  (as  in  this  figure) 
at  the  same  energy  per  nucleon.  .St  higher  total  ion  ener¬ 
gies  the  heavy  ion  flux  may  be  dominant  over  the  proton 
tlux  at  some  1. -shells  (Figure  5-^5)  while  at  the  same 
energy  per  nucleon  proton  flu.xes  usually  dominate. 

The  equatorial  helium  ion  pitch  angle  distribution  is 
generally  more  anisotropic  than  the  comparable  proton 
pitch  angle  distribution.  For  l.-values  between  2.5  and 
4.5  the  proton  fluxes  most  often  vary  as  sin"a!„  where 
n  =  4  ±  2  ar.d  is  the  equatorial  pitch  angle  while  for 
helium  ions  n  =  10  ±  4.  Beyond  1.  ^  5  the  helium  flu.xcs 
arc  quite  dynamic  and  characteristic  quiet -time  values  arc 
difficult  to  define.  During  magnetic  storms  the  fluxes  of 
energetic  helium  ions  can  increase  by  orders  of  magni¬ 
tude  in  the  heart  of  the  radiation  belts  (I.  ~  2  5).  and  the 
relatise  abundance  of  the  different  ion  species  can  vary. 
At  higher  I -shells  substorm  effects  can  be  significant. 
For  example,  during  the  18  June  1974  substorm,  helium 
i  ins  were  more  numerous  than  protons  at  geosynchro¬ 
nous  altitude  for  F  5?  8(K)  keV  ion  (Frit/  and  Wiiken.  ■ 
1976].  Blake  and  Fennell.  [19X1]  also  have  noted  that  a 
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strictly  sinusoidal  pitch-angle  distribution  did  not  com¬ 
pletely  describe  the  98-240  keV  nucleon  ion  fluxes  at  the 
gcitsynchronous  altitude  (1.  ~  6.6). 

Carhon-Niirogen-Oxygen  (CNO):  Trapped  oxygen 
ions  can  at  times  be  much  more  numerous  than  protons 
particularly  at  I.  >  5.  when  compared  at  equal  total  ion 
energy.  Figure  5-.J6  shows  the  radial  flux  profiles  of  car¬ 
bon  and  oxygen  ions  as  measured  by  the  ISFF.  I  space¬ 
craft  (Hovestadt  et  al..  1978].  At  equal  total  ion  energies 
in  the  MeV  range  the  carbon  to  oxygen  flux  ratio  is  of 
the  order  of  0.5.  and  at  equal  energy  per  nucleon  the 
carbon  ilux  can  dominate.  This  indicates  an  extraterres¬ 
trial  source  lor  the  very  energetic  trapped  heavy  ions 
since  the  ionospheric  C  O-ratio  is  <  10  5  (Blake.  1973]. 
The  CNO  flux  pitch  angle  anisotropy  is  even  more  pro¬ 
nounced  than  that  of  helium,  having  a  value  of  the  aniso¬ 
tropy  n-index  typically  between  12  and  16.  At  the  higher 
total  energies  (>800  keV)  and  at  geosynchronous  alti¬ 
tudes  the  CNO  Ilux  has  been  measured  to  be  higher  than 
that  of  protons  and  helium. 

Very  Heavy  Ions:  Ions  heavier  than  oxygen  arc  also 
present  in  the  earth's  radiation  belts  in  small  quantities.  It 
has  been  demonstrated  that  substantia*  injection  of  ions 
with  nuclear  charge  Z  >  9  can  take  pi  x  during  some 
magnetic  storms,  and  many  orders  of  magnitude  flux 
intensity  enhancements  at  6  >  10  MeV  have  been  ob¬ 
served  lasting  for  many  months  [Spjeldvik  and  Frit/. 
1981c].  During  such  disturbed  conditions  the  trapped 
fluxes  of  other  ions  (He.  0.  etc.)  can  also  be  greatly 
enhanced  (Spjeldvik  and  F'rit/.  198la.b], 

S.6.U  Trapped  Electrons.  Fmpirical  ilux  Tiodcls  have 
been  developed  that  describe  the  inner  and  outer  electron 
radiation  b*;lts.  Tbc  National  Space  Science  Data  Center 
at  NASA  (i»)ddard  Space  Flight  Center  has  developed 
two  inner  bell  models:  AF.-6  (Teague  et  al..  1976)  for 
sunspot  maximiim.  and  AF.-5  epiKb  1975  [Teague  and 
Vettc.  1974)  for  sunspot  minimum  conditions.  There  is 
also  an  outer  belt  electron  model  called  AF-4.  An 
updated  outer  belt  model.  AF.-7.  is  now  under  develop¬ 
ment  jn  this  section  a  brief  description  of  the  models  is 
given  and  typical  electron  Ilux  versus  1. -shell  profiles, 
energy  spectra,  and  pitch  angle  distributions  arc  quoted. 

Inn  r  Helt  l'h-<  irons:  The  empirical  data  AF.-5  model 
is  based  on  Ilux  data  from  live  satellite:..  (KiO  I.  (KiO  .1. 
I96.V38C.  OV3-3  and  Fxplorcr  26  (Teague  and  Vettc. 
1972).  fhis  data  base  covered  the  perirni  from  December 
1964  to  IX'cember  1967.  representing  a  transition  from 
solar  (sunspot)  minimum  towaids  maximum  coiclilions. 
During  this  period  the  time-averaged  Zurich  sui'  spot 
number  R,  ranged  in  value  from  about  10  (Dec  '  scr 
1964)  to  around  KK)  (December  1967).  In  c.»i\sti  ting 
the  AF-5  mode!  it  was  a'stimed  that  the  'ot;il  inni  ,  belt 
electron  llti.x  is  composed  of  four  components'  .,uict 
day  Ilux  at  solar  mitiiimim.  2)  quiet  day  flu.  .i  other 
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Figure  S-Mt.  Fquatoriaily  trapped  carbon  and  oxygen  ion  fluxes  measured  from  October  1977-lanuary  197H  during  quiet  times.  Count  rates  may  be 
approximately  converted  to  omnidirectional  flux  units;  ions  (cm--s  keV)  by  multiplying  by  50  AE  where  AE  is  the  appropriate  energy 
passhand  in  keV  (Hovestadt  et  al.,  19X1 1. 


times  during  the  solar  cycle.  .1)  storm  time  flux  and  4) 
residual  flux  from  the  1962  high  altitude  Starfish  nuclear 
explosion.  By  late  1967  the  Starfish  generated  energetic 
electron  flux  at  6  <  I  MeV  had  decayed  to  insignificant 
levels.  It  should  be  noted  that  for  energies  6  >  690  keV 
the  available  data  for  the  inner  belt  AF,-5  model  were 
quite  limited.  For  example,  within  the  observing  range  of 
the  instruments  the  monthly  averaged  0(10  I  and  (XiO 
data  showed  non-zero  counts  in  this  energy  range  only 
when  the  Starfish  fiu.xes  were  still  present  or  during 
storm  times. 

The  quiet  day  solar  cycle  variation  was  defined  by 
taking  the  ratio  of  the  omnidirectional  ilux  measured 
from  solar  minimum  to  a  standard  reference  epoch 
(chosen  as  October  1967).  Insufficient  data  necessitated 
the  assumption  of  B-field  (and  therefore  panicle  pitch 
angle  distribution)  independence  for  the  geospacc  solar 
cycle  variation.  Also,  the  presence  of  Starfish  residual 
energetic  electrons  restricted  the  analysis  to  later  times 
when  tticse  man  made  radiation  belt  clect'-on  fiuxes  had 
decayed  away.  It  should  be  emphasized  that  the  solar 
cycle  variation  has  been  determined  for  only  one  specific 
cycle  and  that  it  may  not  apply  to  others. 

I  he  effect  of  magnetic  storms  on  the  time  averaged 
inner  radiation  belt  electron  Ilux  depends  on  I)  the  fre¬ 
quency  at  which  magnetic  storms  occur.  2)  the  magni¬ 
tude  of  the  storm  time  electron  Ilux  enhancement  over 


quiet  time  values,  and  i)  the  duration  and  characteris¬ 
tics  of  the  magnetic  storms.  The  inner-belt  electron  flux 
increases  arc  infrequent  but  substantial  and  long-lasting, 
so  that  a  model  storm  effect  was  not  extractable  from 
this  NASA  data  base.  However,  the  average  long  term 
impact  of  magnetic  storms  was  estimated  by  forming 
the  ratio  which  is  the  average  electron  flux  (.lunc 
1966  IXcembcr  1967)  divided  by  the  quiet-time  electron 
flux  ((ktober  1967).  The  results  arc  shown  in  Figure  5-37 
and  reflect  u  pronounced  flux  peaking  at  I  MeV.  Of 
course,  the  largest  relative  storm  time  energetic  electron 
flux  enhancements  are  found  in  the  electron  "slot-region" 
liKatcd  at  ~  2  4.  depending  on  energy. 

An  inner  belt  electron  model  for  solar  minimum  was 
derived  from  the  model  discussed  above  [Teague  and 
Vette,  1974],  This  is  called  the  AES  Epoch  1975  Pro¬ 
jected  Mode!  and  was  constructed  by  removing  the  esti¬ 
mated  temporal  variations.  For  example,  the  Starfish 
residual  energetic  electron  flux  component  (I.  <  i.6  Ri:, 
e  >  7(K)  keV)  was  removed,  using  the  residual  Starfish 
electron  rntnlcl  of  Teague  and  Stassinopolous  [1972], 

Similarly  a  solar  maximum  model,  AE-6,  was  con¬ 
structed  using  the  AF.-5  model  at  solar  maximum  values 
(epoch  1967)  and  with  the  e.stimatcd  Starfish  residual 
(background)  energetic  electron  Iluxes  also  subtracted 
out.  This  model  is  called  AE-6  Epoch  I9H(). 


.  v.v. 
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'  Figure  5-38.  Empirical  radiation  belt  electron  Huxes  at  I,  =  1.4;  Energy 
spectra  comparison  of  the  AE-5  1967  and  AE-6  inner  belt 
electron  models  with  experimental  data  taken  from  the 
listed  satellites  for  th“  times  shown  [Teague  et  al.,  1979]. 


Figure  5-.^7.  Estimate  of  the  relative  average  effect  of  substorms  on 
inner  belt  electron  fluxes  (Teague  and  Vette.  1972),  It  is 
cautioned  that  different  disturbar.cc.i  can  have  different 
effects. 

The  clcclron  models  were  verified  by  comparing  them 
with  additional  data  sets  from  the  spacecraft  QV3-3, 
OVI-13.  OVl-19.  OGO  5.  OGO  1,  OGO  3,  1963-038C. 
and  OGO  4  [Teague  et  al..  1979].  These  additional  data 
were  also  obtained  before  1970  and  substantiate  the 
model  mean  values  for  that  particular  epoch.  Figure  5-38 
shows  a  comparison  between  these  data  sets  and  the 
AE-6  and  AE-5  1967  models,  this  is  the  quiet  time 
energy  spectra  of  equatorially  mirroring  electrons  as 
measured  at  L  =  1.5.  The  OGO  1  day  300  1964  results  are 
evidently  seriously  contaminated  by  the  Starfish  detona¬ 
tion  residual  energetic  electrons.  Otherwise,  these  results 
show  fair  agreement  between  the  AE-6  electron  model 
and  the  different  data.  Figure  5-.39  shows  comparison  of 
the  model  and  measured  equatorial  pitch  angle  distribu¬ 
tions  at  L  =  1.4.  The  AE-5  1967  (solar  maximum)  model 
and  the  AE-5  1975  (solar  minimum)  model  bracket  the 
data  within  a  factor  ±2  to  3,  except  at  very  low  equator¬ 
ial  pitch  angles. 


The  quiet  day  inner  belt  electron  fluxes  for  E  <  690 
keV  at  1.3  <  L  <  2.4  can  be  represented  by  an  analytic 
formula  based  on  the  empircal  data  [Teague  and  Vette, 
1972],  The  energetic  elect.-oii  flux  is  parametrized  as 
follows: 


j(o„.L6)  =  A(a,„L)  e  exp  [  «'e„(o!„.L.'}  (5.98) 


where  L  is  the  Mcllwain  L-shell  parameter,  a„  is  the 
equatorial  pitch  angle  and  the  parameters,  A(a,„L). 
e„(a,„L),  are  related  to  the  equatorial  values  (a„  =  90°) 
by  the. following  empirical  expressions: 


sin'”  (a.,  -  ooir) 

A(a„.L)  =  A(90°,  L)  - ' - —  d)  >  a„  >  a,. 

sin""  (  <t>  ooix  ) 


=  A(90°,  I.) 


90°  >ao>  (i. 

(5.99) 


e„(a,„  1.)'=  e„(90°,  L)  sin"  a„/sin"  4>  a^. 

=  e..t90°,  L)  90°  >  >  4>- 

(5.100) 
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Figure  S'39.  rmpirlcal  radiation  belt  electron  fluxes:  a  pitch  angle  dis- 
tribui'on  comparison  of  the  inner  belt  electron  models 
with  satellite  data  taken  at  Le|.4  (Teague  and  Vette, 
1974). 


Values  for  Oq,  n.  m,  6o  (oo  =  90°,  L)  and  A(ao  = 
90°,  L)  for  a  given  L-shcll  are  given  in  Table  5-2. 

In  Equations  (5.99)  and  (5.100)  the  equatorial  elec¬ 
tron  pitch  angle  distributions  are  fairly  flat  out  to  an 
angle,  4>.  where  they  rapidly  drop  as  sin" a.  The  parame¬ 
ter  aoi  (•  is  the  minimum  allowed  equatorial  pitch  angle 
(the  loss  cone  angle)  and  corresponds  to  a  100  km  elec¬ 
tron  mirroring  altitude.  These  formulas  should  be  used 
with  caution,  however,  since  they  represent  extrapola¬ 
tions  based  on  an  imperfect  and  incomplete  data  set.  The 
dipole  approximation  gives  aoi.c  in  terms  of  from 
Table  5-3 


(5.101) 


where  is  the  magnetic  induction  at  the  100  km  alti¬ 
tude  level.  Figures  5-40  and  5-41  show  the  equa'orial 
electron  flux  profiles  as  give  by  AE-5  (1975  projected) 
and  AE-6. 


FigUi-;  $-40.  Empirical  radialion  belt  electron  observations:  Equatorial 
flux  versus  L.-shell  for  the  AE5-MIN  model  as  taken  from 
the  National  Space  Science  Data  Center  fNSSDC)  com¬ 
puter  models.  The  flux  is  in  units  of  electrons;  rm^-s),  and 
the  energy  range  is  0.04-4  MeV. 

Outer  Bell  Electrons:  The  outer  belt  trapped  electron 
fluxes  arc  located  between  ~3.5  and  ~ll  Rg.  Rapid 
changes  in  the  magnetic  field  and  background  plasma 
can  modify  the  electron  flux  le'.els  within  minutes. 
Because  of  the  apparent  coupling  between  magneto- 
spheric  substorm  process  and  the  outer  belt  trapped  elec¬ 
tron  fluxes,  time-averaged  models  have  been  developed. 
There  are  discernible  changes  in  the  average  flux  over  the 
time  period  studied  so  that  the  model  is  giver,  for  two 
epochs.  The  NASA  models  are  called  AE-4  epoch  1964 
(solar  minimum)  and  AE-4  epoch  1967  (near  solar  max¬ 
imum)  [Singley  and  Vette.  1972].  The  data  base  was 
acquired  between  1959  and  1968  from  23  instruments  dn 
1 1  satellites. 

Because  of  the  lack  of  ar.imuthal  symmetry  of  the 
geomagnetic  field  in  the  outer  radiation  zone,  studies  of 
the  radialion  belt  electron  structure  beyond  L  ~  5  re¬ 
quires  the  conventional  B-1.  coordinate  system  (calcu¬ 
lated  from  the  earth's  internal  magnetic  fieldl  to  be  aug¬ 
mented  with  the  additional  coordinate  local  time.  LT. 
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r«Mr  5-2  Flu«  iiMiiiel  paramncn  (»r  >tuirl-(i«y  inner  hell  elect!  ns.  See  (c\:  lor  details  (Teague  and  Vetic.  IV72|. 


Quiet-Day  Model  Parameters  (Inner  Belt  Electrons) 
Reference  Pitch  Angle  =  90  Degrees 


EPOCH  =  10  67 


L 

IRe) 

.!<»„  =  90-) 

(cm'^  sec  *  sr') 

A(o„  =  90“) 

(cm‘^  sec*'  sr*  keV*') 

e„(a  =  90“) 

(keV) 

M 

N 

PHI 

(deg) 

Be 

(G) 

1.30 

I.20F07 

I.7IE03 

.  83.7 

180 

0.670 

67.1 

0232 

l;35 

I.70E07 

2..19E03 

84.3 

2.20 

0.660 

61.4 

0.234 

1.40 

123E07 

3.08E03 

85. 1 

1.70 

0.650 

57.5 

0.238 

1.45 

18IE07 

3.8IE03 

85.7 

1.20 

0.640 

59.0 

0.241 

1.50 

3.4IE07 

4  56E0.1 

86.5 

0.93 

0.6.10 

65.0 

0.245 

1  55 

3.99E07 

5.2IE03 

87.5 

.0.92 

0.620 

66.0 

0.249 

1  60 

449E07 

5.74E0.1 

88.4 

0.91 

0.610 

67.0 

0.25.1 

1  65 

4.79E07 

6.0«E0.1 

88.8 

0.90 

0.600 

66.5 

0.257 

1  70 

5  IOF07 

6.42F03 

89.1 

0.89 

0.590 

66.0 

0.262 

1  75 

5.46F07 

6  8IF.03 

89.5 

0.88 

0.580 

6K.G 

0.265 

1  W) 

5  77E07 

7.I6F0.1 

89.8 

0.87 

0.570 

70.0 

0.268 

1.85 

600F07 

7.57F0.1 

89.0 

0.86 

0.545 

76.0 

0.271 

1.90 

6.11  EOT 

7.93E0.1 

87.8 

0.85 

0.520 

86.0 

0.274 

1  95 

5.84E07 

780F03 

86.5 

0.8.1 

0.5C0 

90.0 

0.277 

100 

5  .18E07 

7.50E03 

84.7 

0.80 

0.480 

90.0 

0.280 

110 

469E07 

7  tSEO.l 

81.0 

0.79 

0.470 

90.0 

0.286 

220 

4  I5F07 

T.OOEO.i 

77.0 

0.78 

0.460 

90.0 

0.292  1 

1-10 

3  6IE07 

6,50F0.i 

74.5 

0.77 

0.450 

90.0 

0.298 

140 

3.nF0' 

6.00E03 

72.0 

0.76 

0.440 

90.0 

0.304 

The  empirical  I.T  dependence  of  the  outer  radiation  belt 
electron  fluxes  has  been  determined  to  be 

log  ~  t  (E.l  T  etts  ^ ^  V '*  * j  (5. 102| 

with  I  T  in  htiurs  and  ClF.  1.  <  5l  -  0  (Vette,  et  al.. 
Ibis  is  only  valid  in  a  lime  average  sense,  and  it 
was  lound  that  at  a  given  Uk-uI  time  the  electron  flux 
intensity  levels  varied  by  at  least  factors  ol  10  to  50  over 
the  data  acquisition  ^lenod  stated. 

Given  the  equatorial  Ilux  (q.,  =  n-  2  or  B=B„>  the  off 
equatorial  outer  belt  integral  electron  flux  («„  rr  2) 
can  he  estimated  by  [Singles  and  Vette.  I972J 

J  |>  F.  B.  I  J  ^  I  (>  E.  B  -  B„.  1 1  G  IB.  I  |  (5  HD) 

and 


G  [B.  1.1  =  (B  B,)  "•  (]^^  )  t  B  <  B,  (5.104) 
G[B,  L]  =  0  ;  B  >  B,.  . 


The  parameters  m,  Bt-  and  B„  arc  all  empirical  func¬ 
tions  of  L  and  arc  given  in  Tabic  5-.1.  T  he  parameter  B  is 
tlic  magnetic  field  value  at  the  desired  location  off  iTic 
geomagnetic  equator,  and  B^  is  the  value  ol  the  magnetic 
field  ai  too  km  altitude  on  the  same  field  line. 

Figures  5-42  and  5-4.1  show  the  AF-4  equatorial 
omnidircciiiinal  mivdel  electron  fluxes  from  .04  to  4.50 
MrV  Fpoch  1964  represents  olar  miiiimum  and  epoch 
1967  solar  maxiinum  (ising  the  above  expressions  with 
Table  5-.1  and  Figures  5-42  and  5-4.1.  flux  estimates  can 
be  made  al  non-cquatorial  latitudes. 

Measurements  from  the  OVI-19  saieliite  have  iihIi- 
cated  that  the  .AF-*'  model  fluxes  may  be  •.igniticai’tly 
too  loss,  particularly  at  higher  energies  beyond  I  \le\ 
[Vampola.  19771.  These  newer  du'a  were  averaged  omt 
peritids  which  included  two  milgneiic  .lornis  in  !%')  The 
OVT-19  insirumeniation  measured  radiation  belt  elec¬ 
trons  in  the  51  keV  to  5  I  MeV  energy  range  in  24 
diflerentiai  energy  h.mds,  which  signilieantly  improved 
the  high  energy  data  coverage  over  that  which  was  avail¬ 
able  to  construct  the  Al  -4  models.  The  ()VI-I9  data  has 
been  incorporated  into  a  new  N AS.A  model  called  A)  -7 
HI.  Figure  5-44  shows  the  equatorial  electron  lliix  versus 
l.-shell  profile  as  predicted  by  the  AI  -7  HI  niodc'l.  Note. 


5-3f 


G[B,  L]  =  0 


CHAPTER  5 


Tiihlc  5-}. ,  Hux  miHlrl  purameicrs  lor  outer  hcit  elcelrunx.  Sec  text  for 
details  [Singley  and  Vette.  I972|. 


AE-4  B/B  Model  Parameters  (Outer  Belt 

Electrons)'* 

L 

B* 

Be 

(Re) 

m 

(C.) 

(O) 

3.00 

1.12 

0.01154 

0.580 

3.10 

0.87 

0.01046 

0.5H2 

.3.20 

0.71 

0.009511 

0.585 

3.40 

0.66 

0.007929 

0.S88 

3.60 

0.63 

0.006680 

0.593 

4.00 

0,60 

0.004870 

0.5% 

4.50 

0.60 

0.003420 

0.599 

5.00 

060 
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houcvcr.  that  no  direct  cquutoriul  nicasurcmcnis  have 
been  included  in  the  empirical  model  tor  electrons 
(I-  30(1  k.eV)  above  WKK»  km  and  below  I.  =  5.  Much  of 

the  data  base  was  acquia-d  Irom  satellites  orbiting  at  a 
stgniHeant  inclination  to  the  magnetic  evtuator.  making 
equatorial  Ilux  representations  based  on  these  data 
uncertain. 

Figure  5-45  shows  the  dilTcrenefs  between  the  AF-4 
and  the  AF-7  models  at  energies  above  I  McV.  The  AF-7 
1,0  model  is  based  on  data  taken  on  the  AZl'R  satellite 
and  is  shown  in  Figure  5-46.  Note  that  f  ''  I  MeV  elec¬ 
trons  are  most  likclv  to  penetrate  spacecraft  shielding  and 
contribute  to  the  accumulated  radiation  dosage  and  dam¬ 
age  It  IS  partially  for  this  reason  that  the  empirical  model 
uncertainties  are  ol  interest  to  spacecraft  designers. 

Magnetic  storms  may  cause  large  energetic  electron 
Ilux  enhancenienis  that  last  tor  several  weeks  in  he  radi¬ 
ation  belts  Figure  ‘'-47  shows  an  example  of  an  electron 
Ilux  enhancement  as  observed  on  ()(i()-5  [West  el  al. 
19X11  during  I96X.  I  his  example  shows  that  the  electron 
flux  al  1.53  MeV  increased  by  more  than  four  orders 
of  magnitude  during  one  particular  magnetic  storm, 
f  igure  5-4X  shows  the  mean  exponential  decay  lime  of 
these  electron  Ilux  enhancements  in  davs  for  a  wide 
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Figure  5-41  Fmpiricat  riMliattun  Ml  rteelnm  ohservations;  fquaionat 
'  fluK  versus  I.  profiles  lor  ihc  mtHJel  as  taken  Irom 

the  (NSSTK  l  computer  moOcis  The  Mux  is  in  units  ol 
electrons  tcm--sK  and  the  cnerjjv  ran^  k()  I>4-4  McV 

range  of  I. -shells  and  energies.  Also  plotted  are  the  pre¬ 
dicted  electron  lifetimes  (I  yons  et  al.  1972)  (see  Section 
5.5. 1.2  on  theoretical  electron  mcxlels)  which  in  this 
comparison  appear  to  agree  with  the  experimental  data. 

5.6.I.4  Shell  .SpHttini;  Flffects.  '  I'he  outer  hell  particle 
pitch  angle  distributions  arc  particularlv  inleresiine  due 
to  a  phenomenon  culled  shell-splitting.  FIcre  we  shall 
qualilulivciv  describe  the  physical  process;  for  analytic 
considerations,  see  Roedcrer  1 197(1],  Shell-splitting  arisc-s 
from  the  lack  of  local  lime  (arimiithal)  symmetry  of  the 
earth's  magnetic  Held,  particularly  at  greater  dl%iances 
liom  the  earth.  It  is  usually  considered  iniportani  for  I 
>  4,  but  it.  should  also  exist  al  lower  I  -shells  where  the 
earth's  magnetic  multipoles  become  signilicant  Shell- 
spiilliiig  arises  because  particles  drifting  in  longitude  pre¬ 
serving  Ihc  first  two  adiabatic  invariants  modily  their 
pitch  angle  and  radial  location  according  to  the  asym¬ 
metric  magnetic  Held.  While  the  concept  of  dipole  I  -shell 
is  useful  It)  describe  principal  Icaturcs  of  trapped  parti- 
cl'.'s.  actual  noil-dipolar  gcomclrv  with  a/imulhal  asym¬ 
metry  requires  more  generali/c’d  coordinates.  One  such  is 
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UEARTH  RADII) 

f-ifurc  5-42.  F.mpirK'al  radiaium  hell  eJccfton  ^uxc^.  .■\F-4  radial  pro¬ 
file  <»1  cquati'ful  omnKiirrfctior.al  flux  ftw  xarioux  energy 
lhirNfw»klv  h  t9f>4  [Sin^ky  arul  Vettc.  IV?2|. 

<he  Istrictiy  non-invariani)  Mcllwair  parameter  Lm 
(Mcliwain.  1961;  Stone,  196.1).  I  in  defined  as  the 
equivalent  dipole  I.-shell  of  a  test  particle  having  the 
same  magnetic  mirror  field  B,„.  second  adiabatic  in¬ 
variant.  and  energy  as  a  corresponding  particle  in  the 
actual,  non-dipolar  geometry  (Figure  5-1).  Shell  splitting 
can  also  result  Irom  asymmetric  electric  fields.  For 
mathematical  details  sec  Schulz  and  I  anzerotti  jl97<ij. 
Figure  .5-49  shows  particles  on  the  same  I.-shell  at  UkjI 
noon  in  the  noon-midnight  meridian  plane  When  radia¬ 
tion  belt  particles  drift  around  the  earth  to  the  midnight 
sector  they  move  to  a  lower  l.-shcl!  and  smaller  equator¬ 
ial  pitch  angles  preserving  their  first  adiabatic  invarient 
values.  Those  particles  starting  closer  to  the  equator  at 
noon  drift  to  lower  l.-shells  at  midnight  Conversely. 
Figure  5-50  shows  the  position  of  particles  at  Iwal  noon 
having  initially  been  on  the  same  I.-shell  at  ItKal  mid¬ 
night.  Those  starting  closer  to  the  equator  at  midnight 
mow  closer  to  the  magnetopause  on  the  dayside.  If  they 


Fiieurc  5-4 Fmpiricai  radiation  belt  ckvtron  fluxeit:  AF-4  radi  d  pro- 
fik  of  equatorial  omnidtreci tonal  flux  fordiHercnt  epcrity 
Ihrexholds,  rptnh  /wo  j.StM^ky  ami  Veilc.  1972}. 


cncofinier  ihc  magnetopauve  they  may  become  lost  and 
there  is  a  preferential  depletion  nearo,,  -  9<)  .  This  gives 
rise  to  the  .>o-called  outer  zone  hutierfly  distribution 
which  is  a  pitch  angle  distribution  with  a  minimum 
around  an  equatorial  pitch  angle  o,,  -  ir  2.  Figure  .5-51 
shows  a  survey  ot  the  energetic  electron  pitch  angle  dis¬ 
tributions  in  the  near  equatorial  magnetosphere  as  mea¬ 
sured  hy  West  (1979).  The  hutierlly  disiribulionv  ale 
clearly  predominant  in  the  afternoon  sector  after  the 
eastward  Icoiimerclockwisc)  drifting  electrons  have  inte¬ 
racted  vveh  the  magnetopause. 

Shell  splitting  also  causes  a  coupling  between  pitch 
angle  and  raduil  diffusion,  Anv  tvpc  of  pitch-angle  dil- 
fusion  may  be  accompanied  hy  radial  ditlusion  il  the 
H-ficId  is  azimiithally  asynimciric.  The  direction  of  the 
radial  displacement  dependv  on  the  longitude  at  which 
pitch  angle  diffusion  took  place.  Particles  near  the  equa¬ 
tor  that  move  to  lower  pitch  angles  on  the  dayside  will  be 
radially  displaced  further  from  the  earth  on  the  nightsidc. 
Conversely,  displacement  to  lov,er  pitch  angles  on  the 
nightsidc  leads  to  an  inward  particle  flux  on  the  dayside. 
It  is  estimated  that  particles  spend  2  .1  to  .14  of  their 
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Hi|iuiv  5-44  I  r.ipirK'4l  ridiaiiim  hell  electron  ntivr\ 

(a)  <  omparwm  ol  AH-7  MoUcI  Spectra  with  a  numher  ol  data  sel»  at  I  =4  The'  HI  model  curve  iv  mainly  haved  on  the  OVI-m 
ohscrvationv  Irom  Nampola 

(b)  C  ompanvm  ol  -M'l-7  MtKlel  Spectra  vcilh  a  number  ol  data  setc  at  I  -h  h  [Velte  el  al.  IdTK). 


drill  pcritnl  on  ihc  cHcclivc  dayvidc  stt  that  pitch  angle 
diiluMtiii  could  lead  iti  a  net  energy  eonseving  ouiIIova 
ol  parliclev  I  Ritedeicr,  IV7(I|.  Und  and  MXond  adiahatic 
invanaiii  con>er\lng  inward  radial  dtlliiNion  as  docribed 
in  the  Iheirrelical  mtHleling  section  wtuild  irKrease  parti¬ 
cle,  energy  with  .nward  radial  tnotion.  Alter  undergoing 
ntanv  cycles  ol  outward  f -ctinserv ing  dilltision.  and 
inward  '>i-et>nsers ing  di  liision.  a  signilicant  local  encr- 
gi/ation  ol  trapped  ■  particles  could  result  (Schulz  and 
I  an/erotti.  1974  and  I  IctHloridis.  I9f>x|.  hut  this  needs 
to  be  insestig.ited  Itirthei. 

5.6.2  (^ettsvnchronuiK  Altitude  Region 
(!.  -'6.6) 

(icosvnchronous  altitude' is  3  b  *  l(H  km  which  corre¬ 
sponds  loan  I  -shell  value  ol  about  b.fi.  A  satellite  at  this 
aliiliide  in  the  plane  ol  the  earth's  equator  will  remain 
lived  (Her  the  same  geographical  liKalion.  I  his  Icaturc  is 
highly  useliil  lor  eommiinieation  and  surveillanee  satel¬ 
lites  I  he  natural  geosyneh’'onous  charged  particle  envi¬ 
ronment  impacls  the  lire-time  and  reliability  of  satellites 


through  radiation  effects  and  spacecraft  charging  (Chap¬ 
ter  7).  Many  studies  of  the  geosynchronous  environment 
have  been  made  (tor  example.  Paulikas  and  Blake.  1979; 
Young,  1979;  (iarrett.  1979;  Baker  ct  al..  1981;  Mullen 
and  ((ussenhoven.  I98.T|. 

Neat  local  midnight  the  magnetic  rieid  lines  at  geo-' 
synchronous  altitude  often  depart  strongly  from  any 
resemhianee  ol  dipolar  shape  durine  niagnetiealiv  actisc 
periods  I  his  effect  is  associated  with  changes  in  the  pitch 
angle  distrihuliun  I'f  the  particle  Iluves  from  being 
peaked  perpendicular  to  the  magnetic  field  line  to  a  more 
isotropic  distiihution.  I  his  and  other  Ilux  changes  have 
been  used  as  diagnostic  devices  to  study  underlying  mag- 
netttspherie  processes  (Higbic  c!  al..  1978;  Belian  et  al.. 
I97X  Baker  el  al  I97K;  Baker  et  al  .  1980.  B..-lian  el  al  . 
19X1), 

In  Ibis  section  the  long  term  temporal  behavior  ol 
energetic  (  >  I  MtV)  electrons  and  the  plasma  environ¬ 
ment  is  emphasi/ed.  Fnergetic  electrons  penetrate  spaee- 
erall  shielding  and  may  cause  radialion  degr.idalion  ol 
microeleetroiiie  eompoiieiils.  I  he  plasma  envitoiimenl. 
ol  which  the  ions  aie  an  important  component,  modifies 
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5-45  I  he  NSSfk  Af  7-Hl  inienm  (Hticr  hch  m«Nlrl  lot  c«|ua< 
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(f<7  x.4n  I  hK  \SSlK  \l  O  interim  iHitcr  N’ It  moilcMor  egua- 
t»>r!yl  eicrt?*’*’.  ttu%e'  j  tumiioir  ot  I  f  he  tsvtcd  ertetev 
o  »fi  Mt.\  am!  the  fluv  m  omtN  <»1  electrons  tcm'  si  Ihc 
diN* ontjruouv  |>.ifiu»ns  of  these  iur%cs  hiuhhpht’thc  mmlet  s 
areas  of  least  acv««r;tc\  , 


ihc  \olijgc  to  which  a  satellite  will  charge  Results  from 
the  St'.MHA  (Spacecraft  t'haruing  at  High  Altitude) 
satellite  shove  that  the  ion  eompivsuion  at  geosynchro¬ 
nous  is  a  function  ol  magnetic  activity  and  local  lime 
jMullen  and  (iussenhoven,  l‘)X.fl. 


r.ncrgclic  trapped  clevirtm  flux  intensities  1C  V  1.0 
MeV)  at  geosynchronous  attitude  have  been  shvovn  to  he 
posiiisviy  correlated  with  the  average  solar  wind  speed 
IPatihkas  and  Blake.  IV?*)).  Ihc  .1  •)  MeV  integral  elec¬ 
tron  Iluv  |;l(  >  .r.*)  MeVtj.  for  c  varnpit.  has  been 
otvscr.ed  to  vary  by  about  a  lactor  v*f  5  from  a  vilar  wind 
speed  of  400  km  see  to  one  ol  Htg)  km  see.  I  oyicr  energy 
eliTiron  nuxes  t|40  Wgl  keV).  on  tiK’  other  hand  show 
little  siK'h  correlation  Sullietently  long  time  averages  ( 

I  ycarl  empiiically  remove  Ihc  solar  wind  -peed  clfecls 
ami  rellccl  Ihc  overall  average  stability  ol  t)K  election 
lliives  ovci  longer  tinK  scales  hor  details  see  Pauid  as 
and  Blake  { !‘)''91 

I  iHTgv  spectra  ol  eiKigeltc  electrons  in  the  geosyn¬ 
chronous  aitttuile  region  measured  with  iIk-  S(  AIH.A 
spacecraft  are  shown  in  t  igiifc  S  S?  (Mullen  and  (ius¬ 
senhoven.  I9xf|,  these  data  represent  7.S-day  averages 
taken  between  |-ehruary  Iftt)  amt  February  t9H0.  amt  in 
the  average  may  be  repicsenlcd  by  a  power  law  spcctiat 
dcpcmicncc  Integration  ol  the  lilted  curves  gives  integral 
Ilux  levels  that  arc  ronsisicnl  with  the  At -4  ami  At  -7 
miKiels  (I'lgurys  5-42.  4.7.  45  ami  4(i|.  this  implies  that 
the  long  term  temporal  averages  of  the  electron  Iluvcs  at 
geosynchronous  aliiludc  did  not  materially  change  dur¬ 
ing  the  197(1%.  Ihc  scalier  ol  the  individual  SC. AIH.A 
Iluv  diila  measurcmcnis  ahoul  Ihc  mean  time-averaged 
lUix  is  suhsiantial.  A'  times  the  observed  electron  lliixes 
differed  front  the, mean  values  by  well  over  an  order  of 
magnitude.  I  hc  Ilux  mtidels,  therefore,  should  he  used 
with  taulion. 
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figure  5-4.'^  k4di;»lh‘n  wkxtfnn  «»hM‘r'.iiltnn>  pjivh  ^'ngk- vtiftuMi»n 
jt  i  '*vrv  tn  r».«rf  <r*»m  iPh 

m  thf  ttgiirr,  aiuf  the  junfuicil  rlcc»ri»n  picxipi' 

latton  ItfctirrKi  jfc  those  iit  I  \*mN  ci  ;i!  jr'^^?||Wc\t  cl 
al  . 

ti  IN  (iNClul  lo  csliiiialc  the  ficKt-iila^i  of  time  that 
the  eleetron  tlux  will  exceed  a  certain  value.  Kigure  5-5.^ 
shows  the  cumulative  probability  distribution  for  the 
SC'AIHA  1.4  2.6  MeV  energy  channel  in  four  1. 

intervals.  For  example,  from  this  figure  one  would 


l-igurc  $-49  I  hcurelKally  computed  shell  splitting  eficcis  for  particles 
starting  on  common  field  lines  in  the  noon  mendian.  Dots 
represent  the  particles'  mirror  points.  The  curved  lines 
gise  the  position  o(  iiiiiior  points  fui  constant  citualoiial 
pitch  an^  a,,  |  Roedcrcr.  1970). 


Tigurc  $-Vt  Iheoieticalls  computed  shell  splniing  eflects  for  particles 
viariiisg  on  cfsmnsrsn  field  lines  m  the  midnight  meridian 
IKoedertr  l9Ttl| 


expect  to  find  I  4  2  6  MeV  electrons  with  a  flux  inten- 
sits  greater  than  1(1  eleetron  cm  -  see  '  sr  •  keV)  $(Ki  oi 
the  time  in  the  5..$  6  0  I. -shell  region.  On  the  other 
hand.  I  rum  the  same  bar  graph  fluxes  above  10(1  electron 
em  '  set  •  sr  •  keV  are  rxperletf  less  than  ItK;  of  the 
time 

Ions  are  a  dynamic  comptment  of  the  radiation 
environment  at  geosynchronous  altitudes.  I  he  ion  com¬ 
position  at  low  energies  varies  with  magnetic  activity  as 
ilhtsiriited  in  Figure  5-54  (Mullen  and  t  tiissenhoven. 
I9X.7|.  During  magnetically  active  periods  (high  Kp|  the 
O'  component  becomes  cnhaiKed  relative  to  protons  An 
explanation  lor  O'  enhancement  (Kaye  et  al..  19X1; 
Fennell  c(  al..  I9KIJ  is  that  the  storm  enhanced  O'  ions 
arc  accelerated  up  along  the  magnetic  Field  tines  from  the 
auroral  ionosphere,  while  the  protons  probably  also  orig¬ 
inate  from  the  magnetotuil  plasma  sheet  that  moves 
closer  to  the  earth  during  magnetically  active  periods. 
Oxygen  ion  enhancements  also  increase  the  particle 
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cncryv  density  relative  to  that  ttf  the  m.ijznctic  fidd  hip- 
uif  5-55  {Vfiillcn  and  Ciussenhown.  1‘)S2|  vhttvw  the  pert- 
synchronous  altitude  ratio  p  ot  the  particle  enerpy  den¬ 
sity  tri  the  magnetic  field  energy  density  as  a  function  of 
IrK'al  time.  The  individual  curves  represent  various  levels, 
of  Kp  where  higher  Kp  is  a  measure  for  higher  magnetic 
activity  (Jacobs,  1970],  A  P  value  greater  than  unity 
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bipirt  5-54  A\ci.ipt*  Owpen  ilctti  aixf  h\dr(»i!fn  (npht)  number  denM- 
tics  as  dcicimincii  fn»m  ibe  lnvKhml  nui  con)p*»siiH*n 
nicasurcmcnis  on  the  S(  A1H  \  spiKCcrali  (lor  energies 
1-52  keV)  \crsus  K- fv»r  sarious  I  -shell  inienals  | Mullen 
‘  and  (iussenhoMm.  1982] 
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l-<|mrr  5^5^  I  iinr-4\cfii|rc  iht'  tjfit*  t«r  the  pM'itek  cfH:r|t^  ih'nMl\ 

(lir  fiu^nclH;  iVkl  etK»)f\  t^trns^f^  <R'  Ht»  .1  tunctn»n  i*< 
l^nfK  Hi|thcr  K.^  miptiVN  hijehcf  ma^ErKiK 
fhctc  4a(4  fcpfc^crt  ♦ucf  das',  asrraifcx  M  t*f  |pc*» 
s\nihion4Hi>  ahituitc  tl  itMaincd  durinie  |-ch*«aiA 

197m  to  FcKriMts  |9Mt  f  Mutkn  and  (iu>M:nh<»\rn  **W’J 

implio  that  tht-  pariicio  arc  not  \tionuK  '^onfincti  b>  the 
maunclic  fickl  A  (t  \iiiuc  >.ii:ni(tcant!\  levs  than  unite 
sup}s.'>lc  particle  confinement  in  this  region  f  hc>e  rcsultc 
iiHticate  thal  the  plastna  procceM>  that  arc  operaloedur- 
III};  .Kloe  pcimde  at  i;co'>iKliitMioio  aililiittc  ate  cuh- 
ota'ilialle  diflcrcnl  than  thoxr  opcratiee  durin};  quicl 
times  (larrrtt  I!‘i7')|  jines  more  details  of  the  iteownch- 
ronous  plasma  cmironmcnl 


5.7  THE  RIN(;  (  I  RRENT 

I  he  cradienl-cursalure  drift  of  raelialion  belt  particles 
causes  differential  motion  that  is  riuivs  ami  charuc 
dependent;  ekxirons  drift  eastward  and  positive  ions  drift 
towards  the  west.  This  constitutes  an  electrical  current 
around  the  earth  in  the  westward  direction.' called  the 
extraterrestrial  ring  current.  [Turing  geomagnetic  distur¬ 
bances.  such  as  magnetic  storms,  the  population  of 
trapped  particles  at  ~  I  XfK)  keV  energies  is  substantially 
enhanced  on  l.-shells  beiween  L  =  .f  and  L  =  6.  As  a 
consequence,  the  ring  current  is  intensified  and  magnetic 
disturbances  at  the  earth  result. 


5.7.1  Electrical  Current  Relations 

Ihe  ring  current  itself  produces  a  magnetic  field  thal 
is  superimposed  on  the  earth's. magnetic  field.  Enhance¬ 
ment  in  the  ring  current  constitutes  the  cause  of  the 
magnetic  field  /iV/>rmvvm  observed  at  mid-latitudes  on 
the  surface  of  the  earth  during  the  main  and  recovery 
.phases  of  geomagnetic  storms  as  wicll  as  magnetic  field 
enhancement  beytmd  I.  —  6  7.  as  illustrated  in  figure 
5-,T.  For  this  reason  we  shall  consider  the  magnetic  effect.s 
of  the  trapped  particles. 

As  one  can  see  from  Equations  (S-.V!)  and  (5-^7).  the 
particle  gradient-curvature  drift  veliKit)’  is  proportional 
to  the  particle  energy.  With  the  equatorial  pitch  angle. 
o,v  one  may  write 

Vj  -  (I  ♦  ct>s2a„H*  *  V  !■! ) .  15  105) 

where  elect  rk-  field  and  gravity  effects  have  been  disre¬ 
garded.  Her.:  B  is  the  magnetic  fictd  due  t^  the  main 
fcarih's  internal)  dipole  moment  and  M  -  M  #  where  §  is 
a  unit  vccior  m  the  magnclk  northward  direction.  At  the 
magnetic  equator 


15,106) 


Eof  siniplicitv  in  the  presentation,  we  shall  consider 
cqUatoi’iallv  mirroring  particles  only,  that  is.  a,,  rr  2: 
for  fhc  mathematical  Ireaimeni  of  the  general  case  ol  an 
aiHiirarv  "itch  angle  <n„.  see  Devsier  and  Parker  (I'fS'T) 
We  then  get 


qM 


r-’  4  --  c 


qBr 


#  15.107! 


where  #  is  a  unit  vector  m  the  eastward  a/imuthal  direc¬ 
tion  ato'ind  the  t  irth  Ertim  Maxwells  cquatiotis  fihc 
Hiol-Savan  law;  j.lackson.  IV7_S]t  the  magnetic  field 
geneialcd  hv  llie  dnft  luixioii  ol  each  parlkle  is 


Itrr 


f5  Ittki 


where  i  is  the  magnitude  of  the  single-partick'  drift 
"current": 


.  qlVdl 

'  ■  2jrr 


(5.IW) 


and  thus 


*d 


36 

M 


A 

e  . 


(5.110) 
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The  minus  sign  indicates  that  the  particle  a/imuthal  drift 
generated  Held  opposes  the  main  (internal)  dipole  field 
earthward  of  the  ring  current  particle  population. 

Ihcrc  is  also  a  magnetic  effect  oi  the  particle's  spiral 
motion  around  the  field  lines.  F.ach  gyro^loop  may  he 
considered  a  small  dipole  moment  =  y  (since  for  «„  = 
IT  2.  6  -  tj ).  and  the  avsociated  magnetic  field  is 


r  Jl 
rt 


e 

Hr' 


B,  Rk 


M 


(Sill) 


which  is  in  the  dia'ctii>n  of  the  internal  dipole.  The  total 
perturhation  at  the  origin  due  to  a  single  equatorially 
mirroring  particle  is  then 


B  -  ^ 


(5.112) 


At  the  ciqiiaiorial  surlatx'  of  the  earth  the  unpcrturbcrl 
miernall  dipole  lieUI  is  pisi  Bi  -  so  that 

t 


AH, 

»l 


2f 

B-'k' 

I  I 


2tR|  ■ 


<5  ll.f) 


amJ  noting  that  the  total  energy  in  the  earth’s  unper¬ 
turbed  dipok  (ickJ  abtise  tf»c  earth's  surfasx'  may  be  writ¬ 
ten  as 


\  Bi*  R'  I  -- 

3  f  I  k> 

I 


(.5.114) 


Wrs-  max  express  lb*,-  relalixc  nng  current  single  particle 
f»rn(irhat!oit  ;»< 


where  f|(a„,  t)  is  the  distribution  function  for  particle 
species  i.  expressed  as  function  of  equatorial  pitch  angle, 
t.-shell  and  energy. 

Parker  [1957]  developed  a  hydromagnetic  formalism 
that  provides  ah  alternative  to  this  extensive  integration. 
One  may  define  the  macroscopic  particle  pressures  in  the 
direction  parallel  and  perpendicular  to  the  liKal  magnetic 
field  difection 

Pii  -  ^JJ  F,(X.  V.  i»„)mv7cos2<»„dvdn„  (5.117) 
Pj  =  j  jj'  h,(\.  V.  ao)mvhm^n„dvda„  (5.118) 


angle  ctMirdinaies.  I  he  summation  is  extended  oxer  all 
particle  species.  The  magnetic  field  prevsure  is 


i 

(5.117) 
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With  these  pressure  expressions  the  total  gradient'- 
curvature  drift  current  can  be  written  as 


_ c_ 

8irP„ 


B  » 


|2P„,  '  P;  '  'Xrf 


(5.120) 

where  c  is  the  xelocitv  of  light  |  W  illiams.  I‘JK2|  I  he  cor- 
icspomling  gyrai;on  current  of  the  partkk  distribution  as 
a  whole  IS 
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V.' 
W  -S 
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AR^ 


It 


(.5  H5» 


ll  Klin-,  oti!  !h  i>  !t>!s  cvpr’-ssjins  o  viitid  tor  trapped  par- 
the  Sx'!!-,  r-ej'ar'.f!-.--,-  o!  the  exjutttoria! 

piHtr  ,xi?g!c  f)  jly -sk-f  arnt  I'.irkcr  t'l5‘r|  In  dcrixing 
I  lit. .It so"  i5  !!*'.  It  XX .IS  tti.i!  ibi  total  cnergx  in 

tic.  nne  r.  ti  s-  (h.in  iIk  m  iush  ck  !«’M  CncfCx  t 

VVt.i  (!  tfi.n  is  no!  (iiv  I -I'C  I  xiii.tttoi)  iS  II5i  IS  no  longer 
stfiiti'-  ’..did  and  tn.r-  rx.  in  x-rfir  Hs  iip  to  ,>  (,«:ti*)  •>?  txxo 
H\  Minnviing  sif  ih-e  titccls  of  ,d!  fhx'  tixd!’  Kli>;d  palli- 
ck-  mofioto  in  i!n  gxmni.ivM '  fix  fu  UI  onx-  ariixts  at  the 
tofid  magnetic  field  pcrlurhatvini 


7T  2  Ffil;,. 

AB  -  ^  sino,,da,, 

*  ^  ^niin 


dl  fdf  ABJ,(o„.  I  .  e) 


(5.116) 


hJi>  •  *  { 


**  m 


(5  121) 


IIk-  txxo,  terms  xxithin  tile  hiiKtkcls  of  I  qiialion  (5.1201 
vtt-m  Ironx  the  magninic  Ik  kI  graxln-nl  and  field  ciirxaturc 
respect IX clx  anx!  the  ihiec  tcitiis  vxithin  ilic  braekets  of 
I  xfualton  1^  1.'’!  t  repivseiu  cm  rents  driven  by  the  particle 
picsMirc  gradient,  Ihi'  m.ignelie  licld  gnuficnl.  and  the 
tn.ignetit'  licUt  hne  curvature  Ihc  total  current  ol  all  par¬ 
ticles  then  rexlu'.cs  to 


I  =  1.1  '  I, 


(5.122) 
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As  a  ruk  of  thumb,  it  requires  a  total  of  4  *  10^2  ergs  of 
particle  kinetic  energy  to  produce  a  suiiace  magnetic 
field  depression  of  ~ I (X)nT  (I  nT  =  ly  =  10  5Ci). 

5.7.2  Composition  and  Sources 

The  piipulation  of  trapped  particles  is  made  up  pri¬ 
marily  of  elcctr«)ns.  protons,  helium  ions,  carbon  ions, 
and  oxygen  ions.  Ihc  compt)sition  is  found  to  vary  sub¬ 
stantially  with  liKation  (such  as  l.-shcll)  and  with  geiv 
maimetic  conditions.  The  heavier  ions,  such  as  He*  and 
U*.  may  he  donlinant  during  disturbed  conditions  on  I.- 
shdls  in  the  range  L  =  to  L  =  S.  while  prolonged  quiet 
periods  tend  to  favor  H*  (protons)  above  tens  of  keV  energies, 
t  he  latter  is  also  a  reasonable  expectation  since  at  tv  pica! 
ring  current  energies  (-  70  keV)  the  charge  exchange  life¬ 
time  of  H‘  is  longer.  At  lower  energies,  below  a  few  keV, 


the  H*  lifetimes  are  shorter  than  that  of  He»  and  O*  life¬ 
times.  and  the  opposite  may  be  true.  Figure  S-56  shows  a 
relative  comparison  of  ring  current  ion  flux  observations 
during  four  different  time  periods.  These  results  pertain 
to  (  <  20  keV  energies  while  the  ionic  composition  at 
higher  energies  remains  to  be  investigated  observationally. 

Ionospheric  or  atmospheric  ions  probably  form  a  sig¬ 
nificant  fraction  of  the  ring  current  population.  This  is 
inferred  from  the  observations  reported  by  Shelley  et  al. 
[1974]  and  Sharp  et  al.  [1976]  l.ow-orbiting  polar  satel¬ 
lites  detected  the  precipitation  of  oxygen  ions  (L  =  6.8) 
during  distrubed  times  and  also  detected  field-aligned 
upward  moving  accelerated  ions  from  the  auroral  iono¬ 
sphere.  Sufficient  pitch  angle  scattering  at  higher  alti¬ 
tudes  could  cause  these  upward  moving  ions  to  become 
stably  trapped  and  form  part  of  the  ring  current. 


5-5^*  (Wvserved  crn'it*'.  ti-.nsiiics  ot  H”.  He'  and  O’  n>n\  m  the  hchs  at  ewrent  (0  2-17  keV  ton]  versus  o’^httai  paranH** 

lers  I  he  data  wcic  derived  lri«m  the  I’ROMU'S  experirtient  i>n  the  sp.Kcerati  The  dashed  curves  indicate  iipparvni 

energy  dcnsitiCN  calculated  lr<»m  a  total  urn  fl  q]  spectrometer  lat  tM-45  kc\  ]  under  the  assumption  that  tmlv  protons  were  measured 
The  results  shem  the  importance  ol  the  heavier  ion>  at  different  limes  and  iiKations.  1  he  lour  panels  represent  data  lot  h>ur  different 
periods,  and  the  D^, -index  history  is  also  shown  as  n  guide  to  the  ring  current  activity  |l. undin  el  al..  1^80). 


t^^lNOCXfnT) 


Bt.  1 1  on  total  ion  (no  mass  resolution)  observations, 
it  has  bcA'omc  clear  that  the  greatest  contribution  to  the 
ring  curi  nt  comes  from  —20  2(K)  keV  ions  where  the 
mass  composition  is  yet  unknown.  This  is  illustrated  in 
Figure  5-57  tWill\.ms.  1981], 


f*}|nire  5-5?  IrrtcjtTiil  rrprcscmMn*n  »>}  the  ring  current  enerpk  «ln*\rtv 
a  funclitm  ot  urn  cnergx  I  he  cnninKuticw  to  the  rtn|( 
current  cfH'T^\  <lef»Mt\  greater  tahere  thl^  curve  is  Meefv- 
tst  tht>  Ms**  mhere  curremK  the  fortK  ciwnpi»^iit«»n  i\ 
unkiH>%n  1^1  | 


A  practical  .iicasure  for  the  overall  strength  o.'  the 
ext raterresi rial  ring  current  is  the  l).,-ipdcx  which  mea¬ 
sures  ihc  middle  latitude  spatially  averaged  decrease  in 
the  hon/i'ntal  comp<itK-nt  H  of  the  earth  s  surface  mag¬ 
netic  field  I).,  =  <.5H>.  riidei  (hi'  definition  the  quiet 
time  ring  current  corrc'p«»fKf'  i»*  ?>.,  -  0  Hotir'y  values 
of  the  f),,  index  are  puNishcd  by  NASA  Nalional  Space 
SeierKC  Data  Center,  (ioddaid  Space  Flight  Ceryter. 
Marvland  Magnetic  storms  generally  have  D.,  depres¬ 
sions  on  the  order  of  Kit)  t.»  2tl*)  nf  (very  large  storms 
may  exceed  D^  -  ^*1  ul  I.  and  the  I).,  index  may  also 
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fluctuate  substantially  for  other  geomagnetic  conditions 
for  which  iDstl  generally  remains  less  than  50  nT. 
Figure  5-58  shows  an  example  of  the  Dj,  index  plotted 
for  June-December  1972,  and  the  occurrence  of  four 
magnetic  storm  pcripds  in  June  August.  September  and 
October  ' November  is  evident.  The  Dj,  index  is  therefore 
very  useful  to  identify  magrictic  storms  from  surface 
magnetogram  records. 

5.73  Adiabatic  Effects  Produced 
by  the  Ring  Current 

Much  of  the  time  the  magnitude  of  the  elr  ctrical  cur¬ 
rent  set  up  by  the  a/imuthally  drifting  radiation  belt  par¬ 
ticles  changes  slowly  in  comparison  with  the  ion  drift 
period.  1  hercforc,  the  third  adiabatic  invariant,  which  is 
proportional  to  the  enclosed  magnetic  flu.x  threading  the 
drift  path,  is  most  often  conserved  following  injection  or 
acceleration.  Sivraas  and  Davis  (1968]  have  shown  that 
sigiiincani  adiabatic  effects  will  take  place  even  for  mod¬ 
erate  values  of  D^.  To  separate  the  adiabatic  and  non- 
adiabaiic  features  one  can  transform  to  a  D.,  =  0  refer¬ 
ence.  If  j|  (6|.  L|)  is  the  equatorially  mirroring  flux  for 
t  -  C)  (I.  =  1  |.  Dy  =  0)  and  jj  ((2>  t-:*  I**®  correspond¬ 

ing  flux  for;  D^  ^  0  then  one  has 

jifCi.  l.>)  MF:  ei)  ii  (e,.  L,)  .  (5.123) 

This  follows  from  Liouville’s  theorem  which  states  that 
the  pha.v<.’  space  density  is  constant  along  dynamical  par¬ 
ticle  irajectonev  tf  =  const,  =  j  p7).  The  cqualonally  mir¬ 
roring  cnergv  6’  is  mapped  from  the  unperturbed  t| 
energy  by  conservation  ol  the  first  adiabatic  invariant: 

Fy  =  ei  (By  B,)  .  (5.124) 

wIktc  B|  is  the  value  of  the  quiet  time  magnetic  field 
induction 


•a*  ^  • 

N*  *** 
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iiv  s.sx  An  i-vampic  of  Iht.  limc-varialion  of  Ihi-  hori/Onlal  niagnelic  TicUl  componcnl  If),,)  at  the  equator.  I  hc  large  rapid  drops  in  D„  corre¬ 
spond  lo  a  build  up  of  ihc  ring  current  during  magnetic  storm'  lolkm-d  bv  suhsequenl  decay. 
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For  a  dipole  Held  where  Bf  =  0.3 1 2  G 
Bf 

B,  =  jj  (5.125) 

and 


B2  =  ^  +  AB(r) 


(5.126) 


The  magnetic  (lux  enclosed  hy  the  drift  path  (the  third 
adiabatic  invariant)  is  given  by 

I.i 

A  ^  f  I  tt  ^  r  I  ti  - 

4*,  =  2rJ  -p  LdL  =  27r  j  l.dl.  -  -q- 


(5.127) 


and 


2  TT 


*•  j 

Rf  l.;  *  2  ir  J"  A  B(r)  rdr  . 


(5.(28) 


where  A  Btrt  is  the  magnetic  field  change  induced  hy  the 
nnu  current  enhancement  {fioraas  and  Davis.  (^8|. 
Fquation  (5  1281  uses  the  fact  that  the  integral  from  0  to 
I.  includes  the  return  magnetic  (lux  through  the  earth  so 
that  the  net  dipole  magnetic  flux  through  the  entire  equa¬ 
torial  plane  is  zero,  fhis  fact  allows  the  0  to  I  j  integra¬ 
tion  interval  to  be  replaced  hv  one  lor  l.(  to  *.  Ihc  ions 
will  now  equatoriallv  mirror  at  I  j  where  by  equating  4>|. 
a(Hl 

B,  I  2  -  B, 

and 

A  Bt.'l 

Ihc  lurKtion  ftrl  is  shown  in  Figure  5-.'d  For  a  given 
D.,.  I  '  tan  he  lound.  and  hence.  Bs.  Knowing  B^.  ts  can 
he  determined.  In  Figure  5-61)  we  show  an  illustrative 
example  as  preser  ted  bv  Soraas  and  Mavis  |  IVhXl, 


I 

>  J"  A  Btr) 


rdr  |5,(2V) 


<1  'T  »  \  »  V  r  I 


l-igurc  5-5*#  Ihc  radial  dcpcndciKV  o(  ihe  ring  currtnl  magnetic  Held 
u>cd  m  the  cakulalMin  of  adiabatic  effects  on  trapped 
priHons  h\  Soraas  and  Daxts  |IVhK|  Notice  that  the 
decrease  is  greatest  near  1-4. 


5.8  RADIATION  EFFFC XS  ON  SPAf  F 
SYSTFMS 

Among  the  known  elittls  ol  particle  radiation  on 
space  svsiems  arc  spaeeeiall  chaigiiig  phenomena  and 
elteels  ol  penelraling  radialioii  on  maleiials.  Speeifie 
cKeets  include  deieelor  maHtiiietion  and  degradation. 


figure  5-ht>  Ihc  r,«fidl  pri>lon  integral  energx  intenvitx  profile  a^  nwas- 
Ufcd  on  da\  HW  <»l  f‘#h5  when  f),,  '  4#'nl.  togeiher  wiih 
the  tiansformcil  prt*tile  correspt>mling  ’tt  I\, ;  H  i'ssumifig 
Ihc  three  adiahaiK  (iixarianlN  «>!  motion  conscr\ed  I  he 
radial  dependence  of  (he  raiiu  between  the  rnagnciK  field 
alter  and  hedoiv  the  build  up  «»l  the  ring  current  and  the 
radial  moxement  of  the  particles  are  shown  in  the 
loxscr  part  of  the  figure  jSoraas  and  Daxis. 
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optical  systetn  degradation,  memory  system  .alteration, 
and  control  system  malfunction  or  failure.  For  manned 
space  operations,  biological  effects  are  a  major  concern. 

A  crude  measure  for  damage  done  by  penetrating 
energetic  radiation  is  raiHation  dosaffv  which  is  measured 
in  rads.  This  unit  is  defined  as  an  energy  deposition  of 
100  ergs  (6.25  *  10^  MeV)  in  one  gram  of  a  material  sub¬ 
stance.  This  definition  d(H:s  not  distinguish  between  dif¬ 
ferent  kinds  of  incident  radiation  or  different  effects  oh 
the  material.  Radiation  dosage  is  thus  only  an  overall 
measure,  and  it  is'  often  necessary  to  examine  specific 
interaction  cross-sections  when  studying  radiation  effects. 

Encrjjy  is  deposited  through  chemical  (molecular 
bond  changes,  hound  electron  excitation,  and  ioni/ation) 
and  nuclear  (element  transmutatiivi,  nuclear  excitation, 
and  induced  radioactivity)  interactions.  The  macroscopic 
effects  are  evident  in  device  failure  after  a  critical  level  of 
radiation  exposure  is  reached.  Most  often  this  critical 
level  depends  directly  on  the  nature  and  energs'  character¬ 
istics  of  the  incident  radiation. 

A  major  concern  is  the  on  orbit  lifetime  of  microelec¬ 
tronic  dev  ices  that  arc  designed  to  a  specific  level  of  radi¬ 
ation  “hardness”  (such  as  I(H-I0'  rad).  There  is  in  many 
cases  a  trade  off  between  orbit  choice  and  system  lifetime 
that  must  be  determined. 

A  lowest  order  approximation  to  the  expected  radia¬ 
tion  exposure  eliccts  can  he  estimated  by  combining  the 
energy  deposition  rate  versus  inciiieni  cin.gi  cui.es  of 
Janni  and  Radkc  11979)  with  the  expected  radiatiim  belt 
flux  intensity  deduced  from 'previous  observations,  as  in 
Ssxlion  5.6  or  from  theoretical  modeling.  A  simple  (hut 
vers  crude)  approach  to  estimating  the  radiation  dosage 
follows. 

It  is  assumed  that  t^hiclding  is  equal  in  all  directions 
so  that  a  spherical  shield  approximation  can  he  used. 
The  shielding  is  also  assumed  to  be  aluminum  or  close  to 
it  in  density.  The  incident  omnidirectional  particle  fluxes 
arc  normalized  (or  scaled)  u>  unity  at  a  selected  energy  so 
that  dosage  need  only  be  calculated  as  a  function  of  spec¬ 
tral  shape.  The  dose  rate  for  a  given  energy  spectrum  is 
found  by  multiplying  the  resulting  dosage  by  the  model 
(or  measured)  omnidirectional  flux  at  the  selected  energy 
Total  dosage  is  determined  by  integrating  over  the 
expected  exposure  time  of  the  saicllite. 

Figure  5-61  shows  a  number  of  exponential  spectral 
radiation  cu'^ves  normalized  to  unity  at  I  MeV  for  ener¬ 
getic  electrons  up  to  6  McV.  By  picking  the  one  curve, 
that  most  nearly  approximates  the  actual  expected  radia¬ 
tion  energy  spectrum,  one  has  a  one-parameter  spectral 
representation,  ihc  spectral  c-folding  energy  F„.  One  then 
proceeds  to  calculate  the  radiation  exposure  for  the  nor¬ 
malized  spectrum  behind  a  certain  thickness  of  shielding 
by  using  the  curves  in  Figure  5-62.  This  process  has  to  be 
averaged  over  the  expected  radiation  conditions  for  the 
expected  spacecraft  orbit  during  the  period  of  the  desired 
orbital  operations. 


Figures-*!.  MisJcl  clcclnm  spectra  fur  engineering  applkalions: 

Normalized  integral  omnidirectii'nal  electron  (lux  as  a 
function  of  electron  energy.  By  matching  a  model  energy 
spectra  to  the  curses  the  appropriate  E,.  ean  he  quickly 
found  1  he  llus  at  I  MeV  is  normalizet*  to  I  electron  cm- 
jJanni  anO  K.idke.  IfTV). 

A  similar  teehnique  also  applies  to  ions.  For  protons. 
Figure  5-6.T  shows  a  similar  sc!  of  exponential  spectral 
radiation  curv’cs  extendu  g  to  .TOO  MeV,  and  Figure  5-64 
gives  the  radiation  exposure  dosage  as  function  of  the 
aluminum  shielding  thickness.  Notic'c  that  the  shielding  is 
generally  levs  effective  in  reducing  the  radiation  dosage 
due  to  the  very  energetic  ions  in  the  radiation  belts. 

5.8.1  Detector  Malfunctions 

Single  particle  upsets  occur  when  a  single  particle 
creates  enough  free  electrons  to  simulate  a  device  logic 
state  change.  Single  particle  effects  an;  particularly  severe 
in  small  (<10  *im)  sensitive  regions  of  microelectronic 
devices.  Figure  5-65  illustrates  the  incidence  of  a  cosmic 
ray  (very  energetic  heavy  ion)  in  a  single  memory  cell 
commonly  used  for  onboard  information  storage.  Notice 
that  the  volume  where  the  ionization  takes  place  is  at 
least  comparable  to  the  sensitive  cell  region  itself.  It  is 
presently  an  area  of  controversy  whether  reduction  in  cell 
size  will  always  increase  the  soft  error  or  single  event 
upset  rate;  it  is  conceivable  that  with  very  small  memory 
cells  the  ioniz'ation  volume  could  encompa.ss  many  cells. 
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Figure  Radiation  dosage  experienced  behind  various  shielding 
thicknesses  ol  aliiioinum  absoil^r  for  several  incident 
electron  cnergs  spectra  normaliyed  to  t  electron  cm'  at 
I  MeV.  Mulitplicatt.m  bs  the  !  MeV  flux  gives  the 
expected  radiation  dose  rate  (.lanni  and  Radkc.  1979). 

On  the  average,  the  effect  of  single-particle  incidence 
on  detector  materials,  such  as  aluminum  and  silicon,  is 
the  generation  of  one  electron-hole  pair  per  .^.6  eV  of 
energy  deposition.  Thus.  I  rud  ot  incident  radiation  in  I 
gram  of  material  creates  I  74  »  lO'^  electron-hole  pairs. 
Even  a  moderately  energetic  radiation  belt  particle  (for 
e.xample  I  MeV)  will  create  a  large  number  of  free  Charge 
carriers  in  the  detector  material  and  may  lead  to  false 
signals.  Prolonged  exposure  to  energetic  particles  degrades 
the  detector  performance  by  the  accumulation  o(  mate¬ 
rial  microstructurai  damage.  Eor  example,  solid  state 
detectors  of  the  Al-Si-Au  variety  are  found  to  have  a 
factor  ot  10  increase  in  useful  lifetime  when  the  alumi¬ 
num  side  is  facing  the  radiation  exposure  (compared  it) 
the  gold  side).  Very  energetic  and  very  heavy  cosmic  ray 
ions  have  a  particularly  devastating  effect  on  detector 
systems;  for  further  details  sec  Adams  and  Partridge 
119X21  and  McNulty  (  I WI). 

Figure  5-6f>  shows  an  example  of  a  nuclear  interac¬ 
tion  occurring  near  a  sensitive  region  of  a  radiation  par¬ 
ticle  detector  or  other  solid  stale  device.  An  incident 
proton,  for  example,  will  stimulate  a  -•'Si  nucleus  to  emit 
an  alpha  particle  which  has  a  short  range.  The  recoiling 
-"Si  nucleus  stops  in  even  a  niuch  shorter  distance.  The 
combined  effect  can  deposit  tens  of  MeV  in  a  small 
(If)  «  20  »  20)  /im  volume  element  creating  a  “soft” 
(data)  error.  Accelerator  data  [McNulty  et  al..  19X0] 
indicate  that  the  proton  induced  (E  >  40  MeV)  soft  error 
rate  is  lesstha..  10  ^  soft  errors  (protons-cm-).  An  upper 


higurc  S-Ti.t,  MikIc)  prrion  spocira  Inr  engineering  applicaiions:  !sor- 
mali/ed  iniegral  proinn  tiu.x  curves  lor  esiimaling  F.„ 
when.'  iIk-  llus  al  .X)  MeV  is  nonnali/ed  li)  I  prolon  cm^ 
|.lanni  and  Kadlic.  IdTdj. 


f  igure  S-W  Radiation  dosage  espiTieno.s!  behind  sarioio  shieiiling 
Ihickmsses  ol  aluiiiinuni  aivsorbet  lor  several  ineiden* 
prolon  spe-elra  norniali/ed  lo  I  prolon  eiiv'  at  VO  Me\ . 
VtlillipOeaiioii  h\  the  omnidireelioiial  Dux  al  VO  MeV'  will 
give  Ihi  radiaiion  dose  rale  (Jaiiiii  and  Kadlec.  I97V|. 
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Figure  5-65.  Dlustraiion  of  radiation  elicct;  Flcctron-hole  generation 
near  a  sensitive  region  as  a  result  of  local  loni/ation 
prixluced  by  a  traserving  cosmic  ray  or  energetic  particle 
(B.  Blatc.  personal  communication.  NK2]. 


Figure  5-66,  Illustration  of  the  production  of  numerous  secondary  par¬ 
ticles  from  the  nuclear  iniCiaciion  of  the  primary  particle 
in  a  sensitive  M^lunic  of  a  solid  state  detector  device 
(McNulty  ct  at..  I9KI)]. 


limit  to  the  expected  error  rate  (error  sec),  therefore,  can 
be  found  by  using  the  proton  flux  models  for  E  >  40 
MeV  limes  10  If  trapped  heavy  ions  are  sufficiently 
abundant  they  could  dominate  the  soft  error  rate  [Adams 
et  al..  1981],  This  is  one  of  several  purely  practical  moti¬ 
vations  for  measuring  the  energetic  trapped  particle 
corhposition  to  an  adequate  degree  of  accuracy. 


5.8.2  Memory  Alteration 

Certain  microcircuitry  used  in  current  spacecraft 
instrumentation  has  proven  very  susceptible  to  the  effects 
of  energetic  heavy  inns  in  , the  radiation  belts  and  in  the 
cosmic  radiation.  Memory  chips  and  microprocessors  arc 
frequently  found  to  have  their  logical  states  and  informa¬ 
tion  content  severely  altered  by  the  localized  energy 
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deposition  process.  Similar  effects  can  result  from  alpha- 
particle  emission  from  nuclear  interactions  and  from 
natural  and  induced  radioactivity  in  the  devices  them¬ 
selves. 

If  the  effects  arc  infrequent  in  occurrence,  engineering 
design  emphasizing  redundance  of  the  critical  compo¬ 
nents  could  circumvent  the  problem.  However;  when  the 
effects  are  frequent  and  or  persistent  this  approach  may 
not  feasible. 

Figure '5-67  [E.  Petersen,  personal  communication. 
1982]  shows  the  energy  deposited  in  a  10  /im  —  thick 
sensitive  region  by  different  ions  over  a  range  of  incident 
energies.  The  vertical  scale  on  the  right  denotes  the 
number  of  electrons  produced.  As  a  circuit  becomes 
smaller  and  more  complex,  less  deposited  energy  (charge) 
is  needed  to  tr'jger  errors. 


Figure  5-67.  Fncrgy  dcposiicd  in  10  ol  silicon  by  dilfcreni  ions, 
'  The  scale  on  the  right  shims  the  luimhcr  ot  Tree  electrons 

released.  The  low  energy  part  of  the  curve  occurb  when 
the  ion  penetrating  range  is  less  than  10  so  that  it 
deposits  all  its  energv  |l'.  Petersen,  personal  communica¬ 
tion.  mil 


5.8.3  Control  System  Failure 

Radiation  induced  errors  in  electronic  circuitry  can 
be  particularly  damaging  when  they  occur  in  critical  cir¬ 
cuitry  such  as  control  systems  or  in  decision  making 
logic.  While  other  non-critical  circuits  may  continue  to 
function  with  false  information,  control  systems  can 
Tatch-up.  that  is.  be  svvitched  into  an  undesired  mode 
from  wnich  there  may  be  no  reset  option,  or  the  space¬ 
craft  may  be  damaged.  Certain  circuitry  switching  may 
cause  burnout  of  electrical  systems  or  even  worse  effects, 
particularly  when  propulsion,  attitude,  or  weapons  sys¬ 
tems  may  be  involved.  For  these  reasons  it  is  imperative 
that  proper  safeguards  and  redund  tnev  design  be  consid¬ 
ered  in  the  early  stages  of  spacecraft  engineering. 
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5.8.4  Biological  Effects 

There  is  extensive  literature  on  space  biology  [sec  for 
example  Bacq  and  Alexander.  I%ll.  Here  we  shall  only 
point  out  that  the  quiet  time  radiation  bells  at  some  loca¬ 
tions  present  a  lethal  radiation  dosage  to  a  man  in  a 
space  suit  or  e\en  uoh.n  a  vehicle.  But  even  outside  the 
main  trapped  radi.it  a;  /one,  there  are  intermittent  high 
lluxes  ol  solar  energetn  p.iriiclcs  lor  example,  it  is 
believed  that  the  encrgclie  particle  lluxes  asson.ited  with 
the  August  1972  solar  Hare  magnetic  storm  e\ent  would 
ha\e  been  extremels  haimiul  to  humans  almost  anV' 
where  in  space.  I  hc  method  presented  abuse  can  also  be 
iV'cd  to  estimate  human  radiation  exposure  behind  dil- 
'-•rent  shielding  designs.  A  definitely  lethal  dosage  is 
.ihiuit  5(K)  rads  I Desrosier  and  RosenstiKls.  I9b01, 


5.9  MAN'S  IMPACT  ON  THE  RADIA  IION 
BEETS 

I  he  activity  of  mankind  can.  to  a  significant  degree, 
innucnce  the  earth's  radiation  environment.  F.x'amples 
are  nuclear  detonations  (fission  and  fusion),  accelerator 
particle  beams  (neutral  and  charged),  release  of  chemical 
substances,  injection  o*  metallic  powders,  and  electro¬ 
magnetic  wave  energy  production.  The  effects  of  some  of 
these  niodificatidn  sources  have  not  yet  been  studied,  but 
for  others  a  substantial  body  of  data  is  available. 

5.9.1  Nuclear  Detonations 

A  vast  number  o!  free  neutrons  and  other  particles 
and  :i  great  pulse  electromagnetic  energy  are  released 
in  nuclear  explosions.  In  the  nuclear  fission  process,  the 
fission  fragments  aiso  carry  significant  kinetic  energy. 
I  he  product  of  nuclear  fusion  is  generally  a  stable  pc.'ticle 
(He)  which  may  be  ioni/ed.  As  a  rule  of  thumb  ~l()7t' 
fast  neutrons  (each  of  which  decay  into  a  proton- 
electron-neutrino  triplet)  are  released  per  megaton  nuclear 
explosive  yield. 

The  si/e  ol  the  nuclear  fireball  depends  not  only  on 
the  explosive  yield,  but  also  on  the  medium  in  which  the 
detonation  occurs.  In  field-free  empty  space  the  fireball 
will  expand  without  limits,  but  in  the  presence  of  mate¬ 
rial  substances  or  a  magnetic  field  the  fireball  is  effec¬ 
tively  restrained.  In  a  dense  gas  (such  as  below  ~  100  km 
in  the  earth's  atmosphere),  collisions  between  the  explo¬ 
sion  products  and  the  atmospheric  constituents  dissipate 
much  of  the  detonation  energy  as  heat.  /Shout  half  of  this 
energy  is  raditited  away  and  the  thermali/ed  remainder  is 
typically  at  hOOO  K  to  SOOO  K  [Zinn  et  ah.  I966|.  At  an 
altitude  o(  M)  km  in  the  earth's  atmosphere,  a  I  megaton 
lissional  detonation  w  ill  have  a  fireball  radius  of  -  4  km. 
and  for  the  same  nuclear  explosive  yield  this  radius  will 
he  smaller  close  to  the  ground.  The  fireball  itself  may 
accelerate  to  velocities  of  several  km  sec  due  to  buoyancy 


and  shock  processes.  High  altitude  and  space  detonations 
(more  than  100  km  above  the  earth)  have  the  fireball  si/e 
limited  by  the  magnetic  field.  This  occurs  because  the 
explosion  generates  electrically  charged  fragments  that 
are  susceptible  to  the  magnetic  force.  qV  x  B.  where  q  is 
the  particle  charge  and  V  its  velocity.  A  nuclear  detona¬ 
tion  of  I  megaton  can  have  fireball  expansion  to  ~10(K) 
km  across  the  magnetic  field  when  the  B-ficld  has  a  value 
B  ^  0..5  Ci.  The  expansion  is  not  magnetically  limited 
along  the  field  lines. 

depending  on  the  location  of  the  nuclear  detona¬ 
tions;  a  certain  fraction  of  the  neutrons  will  decay  within 
the  magnetic  field  trapping  region,  and  the  decay  prod¬ 
ucts  will  thus  constitute  artificially  created  trapped  radi¬ 
ation.  For  nuclear  fission,  the  fission  fragments  also 
emit  particles  (such  as  electrons  and  a-particles)  before 
reaching  a  nucleonic  configuration  as  a  stable  isotope. 
This  process  further  contributes  to  the  trapped  radiation, 
and  the  characteristic  electron  energy  is  I  to  8  MeV  from 
this  source. 

Studies  of  nuclear  detonation  effects  have  shown  that 
even  small  high  altitude  explosions  (in  the  kiloton  range) 
aftect  the  radiation  belts  considerably.  See  for  example 
reviews  by  Hess  (I968|  and  Walt  (1977),  Table  5-4  gives 
an  overview  of  the  known  radiation  belt  effects  of  the 
leak.  Orange.  Argus  I.  Argus  2.  Argus  .7.  and  Starfish 
nuclear  detonations  carried  out  at  high  altitudes  by  the 
United  States,  and  the  USSR-1.  USSR-2  and  Us'sR-.7 
high  altitude  nuclear  detonations  by  the  Soviet  Union. 

F.nergetic  charged  particles  exiting  the  upper  atmos¬ 
phere  along  the  geomagnetic  lines  of  force  arc  generally 
within  the  atmospheric  bounce  loss  cone.  In  the  absence 
of  significant  pilch  angle  scattering,  such  particles  will 
follow  the  field  lines  and  precipitate  into  the  conjugate 
hemisphere.  Fmpirically.  a  significant  fraction  of  the 
nuclear  detonation  particles  become  trapped  in  the  radia¬ 
tion  belts.  This  implies  that  significant  pitch  angle  scatter¬ 
ing  must  take  place  from  the  angular  source  cone  region 
(o„  <  0(ii  (■)  lo  stably  trapped  particle  orbits  (o„  >  «()i c) 
This  pitch  angle  scattering  must  take  place  on  the  time 
scale  of  a  single  half-bounce  period  /(,  2  (which  is  of  the 
order  of  seconds). 

Following  such  an  artificial  injection  of  particles  into 
the  radiation  belts,  the  normal  radiation  belt  radial  and 
pitch  angle  diffusion  mechanisms  will  operate.  The  initial 
narrow  injected  radial  distribution  will  broaden,  and  the 
charge  exchange  ((or  ions)  and  Coulomb  energy  degrada¬ 
tion  mechanisms  will  modify  the  characteristics  of  the 
injected  distributions.  Depending  on  the  location,  the 
artificial  radiation  bells  may  last  for  days  or  years  (Walt 
and  Newkirk.  1966;  Stassinopoulos  and  Ver/ariu.  1971). 

The  effects  of  accelerator  beams  are  likely  to  be  sim¬ 
ilar  to  those  of  the  nuclear  detonation  particles,  but  the 
yield  (in  terms  of  number  of  particles)  is  likely  to  be 
much  smaller  On  the  other  hand,  since  the  beam  parti¬ 
cles  may  be  generated  over  a  wide  range  of  energies 
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Tabic  S-4.  l.iMin(!  of  hijih  altitutic  nuclear  detonations  between  W5K  and  l%2  (Walt.  1977). 


Event 

Altitude 

(km) 

Time 

(UT) 

Date 

(.atitude 

I.engilude 

Approximate 

1  -Value 
Detonation 

Yield 

Characteristics 
of  Band 

Approximate 
Decay  Time 

Teak 

76.8 

10:50:05 

OIAU{1.58 

I69°W 

1.12 

MT  Range 

Low  Altitude 

few  days 

Orange 

42.9/ 

10:, 70:08 

l2AU(i.58 

17°  N 

I69°W 

1.12 

MT  Range 

Low  .Mtitude 

1  day 

Argus  1 

21)0 

2;.70:(X) 

27AU(i.58 

.78°  S 

12°  W 

1.7 

1-2  KT 

Narrow  Band 

0-20  days 

Argus  2 

250 

.7:20:(X) 

.70AUCi.58 

50°  S 

8°W 

2.1 

1-2  KT 

Narrow  Band 

10-20  days 

Argus  .7 

500 

22:IO:(X) 

(X>SEP58 

50°  S 

10°  w 

2.0 

1-2  KT 

Narrow  Band 

10-20  days 

Starfish 

40t; 

09:(X):29 

09.1  U  1.62 

16.7°  N 

190.5°  H 

1.12 

1.4  MT 

Wide  Distribution 

1-2  yrs 

U.SSR  1 

0.7:40:46 

220(  162 

'  - 

1.8 

Wide  Distribution 

.70  days  ■ 

USSR  2 

04:41:18 

280Cr62 

1.8 

Wide  Distribution 

.70  days 

USSR  .7 

09:1.7 

0INOV62 

1.75 

Narrow  Band 

.70  days 

(thermal  to  relativistic)  a  more  precise  study  of  their 
effects  is  warranted. 

5.9.2  Relea*",  of  Chemicals 

Chemical  releases  for  research  purposes  have  been 
carried  out  at  high  altitudes.  In  most  cases  barium  or 
lithium  was  released  to  trace  magnetic  field  lines  locally 
and  to  asse.ss  the  magnitude  of  electric  fields  and  upper 
atmosphere  winds.  Chemical  releases  into  outer  regions 
of  geospace  are  also  planned.  Such  programs  may  mod¬ 
ify  the  environment  locally  (lor  example,  by  altering 
plasma  wave  dispersion  characteristics),  but  arc  not 
expected  to  impact  the  radiation  belts  seriously  unless 
large  quantities  of  chemicals  are  used. 

Extensive  operations  with  rocket  propulsion  or  spe¬ 
cial  ion  engines  could,  however,  drastically  alter  the  dif¬ 
ferent  particle  populations  and  could  lead  to  profound 
changes  in  the  radiation  belt  structure.  Sec  Chapter  7.  To 
date  no  comprehensive  environmental  impact  analysis 
has  been  carried  out. 

5.9..1  Transmission  of  Radio  Waves 

It  has  been  suggested  that  electromagnetic  wave 
energy  from  tropospheric  thunderstorm  activity  and 


vv'histicr-modc  waves  from  VI. E  radio  transmitters  can 
perturb  the  energetic  electron  component  of  the  earth’s 
radiation  belts.  Correlative  studies  indicate  that  energetic 
electron  precipitation  not  only  occurs  from  natural 
sources  [Spjc'dvik  and  Lyons,  1979]  but  also  in  correla¬ 
tion  will,  strong  terrestrial  radio  transmitter  operations 
[Vampola  and  Kuck,  1978;  Park  et  al..  1981;  Imhof  ct 
al..  1981;  Chang  and  Inan.  i 98.7].  Precisely  to  what 
extent  man's  electromagnetic  wave  generation  influences 
the  overall  radiation  bell  structure  is  not  known, 
however. 


5.9.4  Effects  of  Space  Structures 

Proposed  operations  of  large  manmade  metallic  and 
electrically  insulated  space  .structures  will  produce  local 
"singular"  regions  in  the  magnetosphere.  Associated  with 
space  shuttles,  space  platforms,  or  space  power  arrays 
will  be  a  hydromagnetic  wake  in  which  the  wave  and  pai- 
ticlc  behavior  will  go  through  a  sudden  change.  It  is  not 
known  whether  or  not  these  cavity  phenomena  may  have 
a  significant  effect  on  the  radiation  belts  themselves.  For 
some  details  sec  (iarrett  and  Pike  ]I98()]  and  references 
therein. 
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Chapter  6 

GALACTIC  COSMIC  RADIATION  AND 
SOLAR  ENERGETIC  PARTICLES 


D.F .  Smart 

6.1  NOMENCLATURE  AND  DEFINITIONS 

Energetic  charged  panicle  radiation  i»  usually  charac¬ 
terized  by  the  energy  of  the  panicle  in  electron  volts.  An 
electron  volt  is  the  kinetic  energy  a  charged  particle  gains 
by  being  accelerated  through  a  potential  difference  of  one 
volt.  The  amount  of  energy  in  one  electron  volt  is  rather 
small;  panicle  energies  are  usually  given  in  units  of  keV 
( 10'  eV;.  MeV  ( 10"  eV),  GeV  ( lO**  eV).  and  for  extremely 
high  energies,  TeV  (10'-  eV).  (An  electron  volt  is  equal  to 
1 .602  X  10  erg. )  The  total  energy  of  a  nucleon  Et  is  the 
sum  of  the  kinetic  energy  E  plus  rest-ma-ss  energy  m„c- 

Er  =  E  -I-  m„c-  =  me’,  (6.1) 

where  m„  is  the  rest  mass,  m  the  relativistic  ma.ss,  and  c 
the  speed  of  light  in  vacuo.  The  rest  mass  energy  of  a  proton 
m„c'  is  equal  to  9.''8.2.')2  MeV,  the  rest  mass  of  a  neutron 
is  9.^9.526  MeV,  and  the  rest  mass  of  an  electron  is  equal 
to  510.984  keV.  It  is  customary  in  the  literature  to  give 
values  of  the  kinetic  energy  per  nucleon  for  heavier  particles. 

The  total  energy  is  related  to  the  particle  momentum  p 
by 

Et  =  Ip-c-  +  m,V|'^  (6.2) 

In  the  absence  ofelectric  fields  and  of  time-varying  magnetic 
fields.  Et  and  p  arc  constants  of  the  particle's  motion. 

Observations  of  the  intensity  of  corpuscular  radiation 
are  reported  in  various  units  depending  upon  the  detection 
methcxl.  The  symbol  “J"  is  normally  used  to  designate  the 
flux,  but  the  precise  units  must  always  be  specified  to  avoid 
ambiguity.  There  are  a  number  of  ways  to  specify  particle 
flux.  The  unidirectional  differential  intensity  J(E)  is  the  flux 
(number  per  unit  time)  of  particles  of  a  given  energy  per 
unit  energy  interval  in  a  unit  solid  angle  about  the  direction 
ot  observation,  incident  on  a  unit  area  perpendicular  to  the 
direction  of  observation;  the  units  are  usually  particles 
cm  -s  'sr  '  MeV  '.  Unidirectional  integral  intensity  J(>H) 
is  the  intensity  <if  particles  w  ith  energy  greater  than  a  thresh¬ 
old  energy  F, 
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JOE)  =  £  J(E)dE.  (6.3) 

with  units  of  particles  cm  V'sr'.  Omniuirectional  inten¬ 
sities  are  J(E)  or  J(>E)  integrated  over  the  4-ir  steradians 
solid  angle,  with  units  of  particles  cm'V'MeV'  or  particles 
cm ’s  '  respectively. 

A  graph  of  the  differentia!  energy  spectrum  gives  j(E) 
plotted  against  E;  a  graph  of  the  integral  energy  spectrum 
gives  J(>E)  plotted  against  E.  The  differential  energy  spec¬ 
trum  J(E)  and  the  integral  energy  spectrum  J(  >E)  are  com¬ 
monly  expressed  in  two  ways,  either  as  a  power  law  in 
energy. 


J(E)  =  J.,E-\ 

(6.4) 

JOE)  =  J.. - 

y  -  1 

(6.5) 

where  y  is  the  differential  spectral  index,  or  in  the  expo¬ 
nential  form 

—  £ 

J(E)  =  J„  exp — —  (6.6) 

E., 

J(^E)  =  exp — ^  (6.7) 

E., 

.where  E„  is  defined  as  the  characteristic  e-folding  particle 
energy,  that  is,  the  value  over  which  the  flux  will  fall 
to  1/e  of  its  previous  value.  There  is  a  considerable  hazard 
in  extrapolating  any  spectral  form  beyond  the  range  of  the 
data  from  which  it  was  derived,  and  many  scientists  give 
the  range  of  values  for  which  specilic  spectral  fi'ims  arc 
valid. 

When  the  effects  of  corpuscular  radiation  on  personnel 
arc  of  primary  concern,  particle  flux  intensifies  or  counting 
rates  must  be  converted  to  di'se  or  dose  rates.  The  rad  is 
the  unit  of  absorbed  energy:  one  rad  is  l(X)  erg  absorbed 
per  gram  of  absorbing  material.  A  rem  (roentgen  equivalent 
man)  is  the  dose  absorbed  that  produces  the  same  biological 
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effect  as  one  rad  of  x-rays  or  y  rays.  The  relation  between 
the  rent  and  the  rad  is  one  rem  =  rad  x  rbe  where  rbe 
is  the  relative  biological  effectiveness.  Conversion  of  ob¬ 
served  particle  fluxes  to  absorbed  dose  rate,  however,  is  not 
straight-forward  and  is  sometimes  very  difficult  requiring 
extremely  detailed  information  on  the  particle  composition 
and  energy  spectrum.  The  conversion  depends  in  a  complex 
way  on  the  energies  and  kinds  of  particles  and  on  geo¬ 
metrical  configurations  of  the  absorbers  and  direction  of  the 
incident  particles,  as  well  as  on  the  different  absorbing  prop¬ 
erties  of  materials.  Computer  codes  exist  jsee,  for  example. 
Seltzer.  1980)  that  will  convert  incident  energetic  particle 
fluences  into  radiation  dose  behind  a  specified  shield  thick¬ 
ness.  See  Haffner  1 1967)  for  a  detailed  discussion  of  radia¬ 
tion  dosage  and  the  relative  sensitivity  of  various  organs  to 
radiation. 

The  magnetic  rigidity  P  of  a  particle  is  a  measure  of  its 
resistance  to  a  magnetic  force  that  deflects  the  paiticle  from 
a  straight-line  trajectory.  The  rigidity,  with  units  of  mo¬ 
mentum  per  unit  charge,  is  defined  as 

P  =  — ,  (6.8) 

q 

where  q  is  the  charge  of  the  particle.  If  pc  is  electron  volts, 
then  q  is  the  number  of  electronic  charge  units  and  P  is  in 
volts.  Convenient  units  are  MV  (10'’V)  and  GV  (10‘'V). 

Conversion  from  rigidity  to  energy  can  be  accomplished 
by  solving  Equation  (6.2)  for  the  desired  quantity;  however, 
the  conversion  can  be  done  conveniently  by  employing  the 
relativistic  parameter  y.  Conversion  from  rigidity  to  energy 
in  terriis  of  kinetic  energy  per  nucleon  is 

Ea  =  (7  -  I)E„a  (6.9) 

where  Ea  is  the  kinetic  energy  per  nucleon,  and  E.a  is  the 
rest  mass  energy  per  nucleon.  Conversion  from  kinetic  en¬ 
ergy  per  nucleon  to  rigidity  is 


I /"-IE,, 


(6. 10) 


where  A  is  the  atomi;  number  and  Z  is  the  atomic  charge. 

The  relativistic  pa.iameter  7  can  be  coir.puted  from  either 
the  cosmic  ray  kinetic  energy  or  the  cosmic  ray  rigidity. 


or 


■a  E,,a 

E, 


{6.11a) 


(6.11b) 


Figure  6-1 .  Conversion  from  magnetic  rigidity  to  kinetic  energy  per  nu¬ 
cleon  for  electrons,  protons  and  alpha  particles. 


Figure  6-1  shows  the  relationship  between  the  rigidity 
of  protons,  alpha  particles,  and  electrons  and  their  kinetic 
energy  per  nucleon.  Since  most  heavy  nuclei  have  an  A/Z 
ratio  of  approximately  two,  the  alpha  particle  curve  can  be 
used  to  approximate  the  rigidity  to  kinetic  energy  per  nu¬ 
cleon  of  the  heavier  nuclei.  To  obtain  the  total  kinetic  energy 
of  a  heavy  nuclei  the  energy  scale  must  be  multiplied  by 
the  total  number  of  nucleons  (as  an  example,  by  4  to  obtain 
the  total  kinetic  energy  of  an  alpha  particle). 

On  many  occasions  the  magnetic  rigidity  is  used  in  place 
of  the  kinetic  energy  in  describing  the  flux  spectrum.  In 
particular,  in  lieu  of  Equation  (6.6),  a  frequently  used 
expression  is 

J(P)  =  J„  exp-=f .  (6.12) 

‘  o 

The  earth's  magnetic  field  acts  as  a  momentum  analyzer 
on  cosmic  rays  incident  upon  the  earth’s  atmosphere.  Only 
.those  cosmic  rays  having  a  momentum  per  unit  charge  (that 
is,  rigidity*  exceeding  that  of  the  threshold  of  the  observation 
point  may  be  detected  at  any  specified  point  on  the  earth’s 
surface  or  in  the  earth’s  magnetosphere.  The  cutoff  or  threshold 
rigidity  of  cosmic  rays  is  the  minimum  rigidity  that  permits 
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a  charged  particle  to  arrive  from  a  specified  direction  at  a 
given  latitude  and  longitude;  particles  of  lower  rigidity  are 
not  observed  at  the  specified  location  and  direction  because 
of  this  geomagnetic  cutoff.  The  geomagnetic  field  is  con¬ 
figured  such  that  particles  of  progressively  lower  rigidity 
are  detected  as  the  distance  north  or  south  of  the  equatorial 
region  increases.  See  Section  6.2.3  for  more  detailed  dis¬ 
cussions.  More  specialized  concepts  that  consider  the  “bend¬ 
ing"  of  particle  trajectories  through  th-'  magnetic  field  and 
allow  a  mapping  of  observational  directions  inside  the  mag¬ 
netosphere  to  directions  in  interplanetary  space  are  relerred 
to  as  asymptotic  directions  and  asymptotic  cones  of  accep¬ 
tance.  A  more  detailed  description  of  these  concepts  and 
their  use  is  given  by  McCracken  et  al.  |I9681. 

6.2  GALACTIC  COSMIC  RADIATION 

Galactic  cosmic  radiation  is  composed  of  high  energy 
nuclei  believed  to  propagate  throughout  all  space  unoccu¬ 
pied  by  dense  matter.  Its  origin  is  still  a  matter  of  scientific 
debate  and  may  have  bot‘'  galactic  and  extragalactic  .sources. 
The  flux  of  galactic  cosmic  radiation  is  believed  to  be  es¬ 
sentially  isotropic  outside  the  heliosphere;  propagation  ef¬ 
fects  inside  the  heliosphere  result  in  an  anisotropy  of  ~  Wc. 

Primary  cosmic  radiation  is,  by  definition,  the  cosmic 
radiation  incident  on  the  earth's  atmosphere.  Cosmic  rays 
propagating  through  the  atmosphere  undergo  nuclear  col¬ 
lisions  and  generate  secondary  cosmic  rays;  these  secondary 
cosmic  rays  consist  of  all  known  nuclear  and  sub-nuclear 
species. 

High  energy  cosmic  ray  particles  contain  a  large  amount 
of  kinetic  energy,  and  the  deposition  of  this  energy  can 
permanently  affect  the  material  through  which  the  cosmic 
ray  nucleus  pa.sses.  In  the  case  of  small,  state  of  the  art, 
.solid  state  electronic  devices  o^'rating  in  space,  the  passage 
of  a  cosmic  ray  through  a  circuit  element  can  generate  enough 
electrons  'n  the  sensitive  volume  to  change  the  state  of  the 
circuit  element  and  cause  "soft  errors"  or  permanent  dam¬ 
age.  A  recent  examination  of  the  effects  of  cosmic  radiation 
on  microelectronics  is  given  by  Adams  et  al.  |I98I|. 

6.2.1  Primary  Cosmic  Radiation 

The  primary  cosmic  radiation  observed  at  the  earth's 
Orbit  consists  of  approximately  83%  protons.  13%  alphas, 
1%  nuclei  of  atomic  number  Z  >  2.  and  .3%  electrons. 
This  composition  extends  over  an  energy  range  from  a  few 
hundred  MeV  to  >IO’'’eV.  There  are  no  known  local  plan¬ 
etary  sources  for  the  high  energy  ions  observed  in  the  cosmic 
radiation,  but  the  electron  component  below  about  20  MeV 
is  dominated  by  Jovian  electrons. 

The  intensity  of  cosmic  rays  observed  at  the  earth's  orbit, 
is  solar  cycle  dependent  undergoing  a  solar  cycle  modulation 


as  the  inverse  of  the  solar  sunspot  number  cycle.  This  is 
discussed  more  fully  in  Section  6.2.2. 1 .  The  isotropic  flux 
exposure  to  galactic  cosmic  radiation  in  space  at  sunspot 
minimum  i.s  —  4  protons  cm  -s  '  resulting  in  a  yearly  in¬ 
tegrated  exposure  of  ~  1.3  x  10"  protons/cm’.  The  iso¬ 
tropic  flux  exposure  to  galactic  cosmic  radiation  at  sunspot 
maximum  is  ~  2  protons  cm ’s  '  resulting  in  a  yearly  in¬ 
tegrated  exposure  of  ~  7  x  10’  protons/cm’.  The  galactic 
cosmic  radiation  converted  to  integrated  dose  results  in  ex¬ 
posures  ranging  from  4  rads  per  year  at  sunsfK>t  maximum 
to  10  rads  per  year  at  sunsptrt  minimum  fWc.st  et  al..  1977]. 

The  differential  energy  spectra  of  all  high  energy  cosmic 
ray  nuclei  above  ~  I  GeV/nucleon  exhibit  a  spectrum  pro¬ 
portional  to  a  power  law  of  the  form  dJ/dE  *  E'"'.  where  E 
is  the  kinetic  energy  per  nucleon  and  y  is  the  spectral  index. 
Below  ~  I  GeV/nucleon.  the  differential  spectrum  of  cosmic 
ray  nuclei  observed  at  t‘'c  earth's  orbit  deviates  from  a 
simple  power  law.  The  differential  spectrum  becomes  flatter 
with  decreasing  energy  until  a  maximum  in  the  differential 
intensity  is  reached  around  a  few  hundred  MeV/nucleon. 
Below  the  maximum,  the  differential  intensity  decrea.ses 
monotonically  to  a  few  tens  of  MeV/nucleon.  The  primary 
cosmic  radiation  spectrum  observed  for  protons  and  alpha 
particles  in  the  inner  heliosphere  around  the  earth's  orbit  is 
shown  in  Figure  6-2.  At  the  vicinity  of  the  earth,  the  low 
energy  portion  of  the  spectrum  changes  with  time.  These 
changes  are  mainly  the  effects  of  solar  nnxlulation.  and  are 
illustrated  by  the  shaded  and  hatched  areas  of  Figure  6-2. 

6.2.1. 1  Elemental  Composition  of  Primary  Cosmic 
Radiation.  Nuclei  heavier  than  helium  comprise  only  about 
1%  of  the  total  primary  cosmic  radiation  and  have  a  total 
integral  intensity  of  about  25  particles  m ’s  'sr  '.  Cosmic- 
ray  nuclei  with  Z  >  2  arc  classified  info  various  charge 
groups  such  us  light  (L).  medium  (M).  light-heavy  (LH). 
and  very  heavy  (VH).  The  L-group  nuclei  include  those 
with  3  <  Z  s  5.  the  M-group  with  6  ^  Z  ^  8.  the  LH- 
group  with  9  «  Z  s  14.  the  H-group  with  15  ^  Z  s  19 
and  the  VH-group  wijh  20  «  Z  «  28.  Tire  charge  group 
from  manganese  (Z  =  25)  to  nickel  (Z=28)  is  commonly 
referred  to  as  the  iron  group. 

During  their  travel  fritm  the  source  regions  to  the  vicinity 
of  the  earth,  the  cosmic  rays  interact  with  the  interstellar 
medium,  and  some  fragmentation  occurs  resulting  in  a  de¬ 
pletion  of  the  heavy  charged  primary  cosmic  rays  and  an 
increase  of  the  lighter  nuclei  compared  to  the  "Universal 
Abundance"  shown  in  Figure  6-3.  The  a-lative  abundance 
of  the  various  nuclei  observed  a  the  earth  for  energies 
greater  than  0.45  GeV  nucleon  am  shown  in  Table  6-1  |Lez- 
niak  and  Webber.  I978|. 

The  abundance  of  the  elements  N.  Na.  Al.  S.  Ar,  Ca.  Cr, 
and  Mn  is  enhanced  in  the  cosmic  radiation  observed  in  the 
heliosphere  as  a  result  of  fragmentation  in  the  inlerseilar  me¬ 
dium,  Almost  all  ofthe  abundance  ofthe  elements  Li.  Be.  B, 
F,  Cl.  K,  .Si.  Ti.  and  V  is  due  to  fhigmentation  of  heavier  cosmic 
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Figure  6-2.  rrimar>'  ci'Mnie  ray  differenlial  energy  spectrum.  The  upper 
envelope  imlicates  the  solar  minimum  spectrum  while  the 
lower  envelope  indicates  the  solar  maximum  spectrum.  The 
shaded  area  indicates  ihe  range  of  the  solar  mexiulation  over 
a  solar  cycle.  The  hydrogen  spec'rum  in  this  figure  has  been 
multiplied  by  a  factor  of  5  so  the  modulated  portion  of  the 
specmim  avoids  merging  w  ith  the  top  ot  the  helium  speettum. 

ray  nuclei  (that  is.  higher  charge  nurnber  elements)  during  their 
propagation  through  the  interstellar  medium.  The  ratios  of  the 
cosmic  ray  elemental  abundance  to  the  solar  system  elemen¬ 
tal  abundances  are  generally  ordered  by  atomic  parameters  such 
as  the  first  ionization  potential,  at  'east  up  thnvugh  Z  =  40  (as 
shown  in  Figure  6-4).  with  exceptions  to  this  rule  atH,  He.C. 
N.  and  possibly  Ne  and  Mo. 

6.2. 1,2  The  Anomalous  Cosmic  Ray  Component.  The 

low  energy  portion  of  thC'  cosmic  ray  spectrum  is  quite 
variable  reflecting  its  dependance  on  solar  modulation.  In 
1972.  during  the  decline  of  the  20th  solar  sunspot  cycle, 
anomalies  in  the  energy  spectra  and  composition  were  noted 
at  energies  «70  MeV/nucleon.  These  dTfeiences  persisted 
through  sunspot  minimum  and  continued  throughout  the 
rising  portion  of  the  2 1st  solar  sunspot  cycle  but  seem  to 
have  disappeared  after  the  niarimum  of  (he  21st  solar  cycle. 
This  behavior  leads  to  the  suggestion  that  the  anomalous 


Figute  5-.T.  The  universal  abundance  of  the  chemical  elements  in  nature 
relative  to  silicon  =  10'’.  These  tesults  were  obtained  from 
studies  of  meteorites,  our  sun  and  other  stars.  [Data  fiom 
Cameron.  !9l(l.l 


Table  6-1.  Cosmic-ray  composition  as  observed  at  I  A(J. 


Charge 

>450  MeV/Nuc 

He 

44700  ±  500 

Li  , 

192  ±  4 

Be 

94  ±  2.5 

B 

329  ±  5 

C 

11.30  ±  12 

N 

278  ±  5 

0 

■1000 

F 

24  ±  1.5 

Ne 

158  ±  3 

Na 

29  ±  1.5 

Mg 

203  ±  3 

A1 

36  ±  1.5 

Si 

141+3 

P 

7.5  ±  0.6 

S 

34  +  1.5 

Cl 

9.0  ±  0.6 

A 

14.2  +  0.9 

K 

10. 1  +  0.7 

Ca 

•>6  +  1.3 

Sc 

6.3  ±  0.6 

Ti 

14.4  ±  0,9 

V 

9.5  ±  0.7 

Cr 

15.1  +  0.9 

Mn 

11.6  +  1.0 

Fe 

103  ±  2.5 

Ni  '  , 

5.6  +  0.6 
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Figure  6-4.  Ratio  of  iho  galactic  cosmic  ray  source  (OCRS)  to  the  "kKal 
galac'ic"  (LG)  elemental  abundances  at  I  .AU  ordered  by  tbc 
first  ioniration  potential  fatter  Mewaldt.  I9SI|. 

component  may  be  solar  magnetic  cycle  dependent  and  only 
present  during  alternate  cycles.  The  anomalous  component 
lesul'ed  in  (he  low  energy  cosmic  ray  spectra  shown  in 
Figure  6-5.  The  "anomaly"  can  be  seen  by  comparing  this 
spectra  v.'itb  that  of  the  prcsious  solar  minima,  the  upper 
envelope  of  the  low  energy  portion  of  the  spectra  .shown  in 
Figure  6-2.  In  a  review  of  this  anomalous  component. 
Gloeckler  [19',  )|  noted  that  the  helium  spectra  above  ~  2 
MeV/nucleof!  wa.r  *e;atively  Hat.  and  between  ~  5  and  30 
McV/nucleon  H,  was  more  abundant  than  protons.  The 
oxygen  spec"’.im  p.issessed  an  unusuri|  hump  between  ~  2 
and  20  McV/r,.icie  m  with  no  comparable  feature  for  carbon, 
and  at  ^  5  Me''.', nucleon  oxygen  was  some  10  to  20  times 
more  abundant  than  carbon.  In  addition  to  helium  and  ox¬ 
ygen,  nitrogen  and  neon  were  observed  to  be  more  abundant 
in  the  anomalous  component  than  in  the  5^  100  MeV/nucIcon 
gala''tic  cosmic  rays.  The  abundances  relative  to  carbon  of 
the  major  elements  in  the  anomalous  component  are  com¬ 
pared  to  the  composition  of  galactic  co.smic  rays  in  Tanie 
6-2,  Assuming  that  2-30  MeV/nucleon  carbon  is  of  pre¬ 
dominately  galactic  origin  during  quiet  times,  the  elements 
He,  N.  O.  Ne,  and  possibly  Fe  were  from  5  to  20  times 
more  abundant  in  the  anomalous  component  than  in  the 
normal  cosmic  ray  composition.  Witnin  statistical  uncer 
tainties  the  composition  of  the  other  elements  in  the  anom¬ 
alous  component  region  were  comparable  to  that  expected 
from  the  galactic  cosmic  ray  flux. 


Figure  6-5.  The  "anomalous"  cosmic  ray  spectnim.  The  differential  en¬ 
ergy  spectra  of  hydrogen,  helium,  carbon, and  oxygen  ob¬ 
served  in  the  interplanetary  ntediun  near  1  AL'  during  the 
solar  minimum  in  IV76-I977  during  quiet-times  The"anon’- 
illous  cosmic  ray"  component  appears  between  ~Z  and  ~30 
MeV  'nucleon  and  is  chaiactcrized  by  large  overabundance  of 
He  and  O  compared  to  H  and  C.rc.spectively  IGlocckler. 
19791. 


Table  6-2.  Abundances  relative  to  carbon  of  the  anomalous  component 
and  galactic  cosmic  rays. 


Anomalous 

Galactic 

Component 

Cosmic  Rays 

Element 

(2-30  MeV/nucleon)'"’ 

(>100  MeV/nucleon) 

H 

40  ±  4 

275 

He 

90+10 

50 

C 

=  1 

s  1 

N 

3  +  1 

0.225 

0 

18  ±  4 

1.0 

Ne 

1.3  +  0.4 

0.175 

Mg 

0.3  ±  0,2 

0.23 

Si 

^.,+0.25 
-  0.15 

0.17 

Fe 

0.6  ±  0.2 

0.12 

(a)  .Appnrximate  energy  range  of  the  measuretncnis  in  MeV  nucleon 


CHAPTER  6 

6.2. 1. 3  Cosmic  Ray  Electroas.  The  interplanetary  cosmic 
ray  energetic  eiccirons  of  non-solar  origin  measured  at 
1  AU  has  two  components,  a  galactic  cosmic  ray  electron 
component  and  a  Jovian  electron  component.  All  electron 
flux  in  the  heliosphere  below  about  25  MeV  are  of  Jovian 
origin  |Erakcr  and  Simpson,  1981 ),  At  the  earth’s  orbit,  for 
energies  greater  than  --  100  MeV.  the  galactic  cosmic  ray 
electron  flux  dominates.  A  comptrsite  primary  electror.  spec¬ 
trum  is  shown  in  Figure  6-6.  The  solar  cycle  modulation 
dominates  the  variability  in  the  electron  spectrum  from  about 
l(X)  MeV  to  about  5  GeV, 

Jkipiter's  magnetosphere  is  a  source  of  relativistic  elec¬ 
trons  that  can  be  observed  throughout  the  entire  heliosphere. 
Within  several  AU  of  the  planet  Jupiter,,  the  flux  is  mod¬ 
ulated  with  the  characteristic  U>-hour  planetary  rotation  pe¬ 
riod.  The  MeV  Jovian  electron  flux  observed  at  the  earth 
has  a  13-month  “seasonal"  characteristic.  This  “seasonal” 
effect  results  from  the  relative  position  of  Earth  and  Jupiter 
as  the  planets  revolve  around  the  sun  in  their  respective 
orbits.  When  the  interplanetary  magnetic  field  lines  passing 
near  the  earth  connect  to  the  Jovian  magnetosphere  (the 
Jovian  magnetosphere  being  a  minimum  of  5  AU  in  length), 
the  propagation  of  the  Jovian  electrons  from  Jupiter  to  the 
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Figure  6-6  CiMiirnts  :  pnniar>  ctj.miu-ray  electron  dil'fcrenlial  energy 
spectrum  |c<)urtcs>  F  Meyer.  I'nivcrsitv  of  Chicago.  Private 
Communtcatii>n| 


earth  is  more  efficient.  However,  the  propagation  charac¬ 
teristics  are  still  quite  variable,  depending  on  the  status  of 
the  interplanetary  medium.  The  most  favorable  connection 
of  the  interplanetary  magnetic  field  lines  between  the  ta.nh 
and  Jupiter  repeats  at  approximate  13-month  intervals  with 
corresponding  peaks  in  the  electron  flux  during  the  "electron 
season"  which  may  last  for  several  months.  Before  the  pres¬ 
ence  of  the  Jovian  electrons  was  established,  these  “quiet 
time  electron  increases”  were  unexplained. 

6.2.2  Cosmic  Ray  Flux  Modulations 

Cosmic  ray  flux  mixlulations  can  divided  into  three 
groups.  The  long  term  mixlulution  (millions  of  years),  solar 
cycle  modulations  (usually  referred  to  as  the  ,1 1-yr  cycle), 
short  term  modulations  (consisting  of  cyclic  variations  rang¬ 
ing  from  a  semi-diurnal  variation  to  a  27-day  variation,  and 
transient  variations  consisting  of  decreases  and  increases 
associated  with  various  solar  phenomena). 

There  is  conjecture  about  variations  in  the  galactic  cosmic 
ray  sources  over  very  long  time  scales.  The  analysis  of 
cosmic  ray  exposure  to  meieorites  and  lunar  rocks  is  both 
limited  and  complicated.  So  far.  statistics  and  uncertainty 
in  the  detciminations  only  allow  the  conclusion  that  the 
current  cosmic  ray  composition  has  not  changed  by  more 
than  a  factor  of  two  over  the  last  10“  years.  The  isotopic 
composition  of  the  cosmic  radiation,  specifically  the  '"Be 
isotope  presumed  to  be  a  spallation  product  of  cosmic  ray 
interaction  in  the  interstellar  medium,  results  in  a  probable 
cosmic  ray  age  of  —  15-17  million  years. 

Cosinogenic  isotopes  produced  by  the  cosmic  ray  in- 
ter.-’ctions  in  air.  such  as  '"Al.  '"Be.  and  '^C,  and  then 
frozen  in  sea  sediments,  ices  or  biological  materials  produce 
somewhat  better  limits  on  possible  cosmic  ray  variations. 
The  '"Be  isotope  sediments  over  the  last  two  million  years 
show  less  than  a  30%  variation  in  fh-'  cosmic  radiation. 

The  carbon- 14  variatioii!-  are  niost  lik.-ly  due  to  the  strength 
of  the  solar  nHxiulation  effect.  These  variations  of  a  few 
percent  have  the  amplitude  and  phase  expected  from  his¬ 
torical  and  recent  sunspot  data,  cosmic  ray  modulation  ob¬ 
servations,,  and  CO.  transpxirt  theop’  [Forman  and  Schaffer. 
1979]. 

6.2.2. 1  Solar  Cycle  Modulations.  The  galactic  cosmic 
radiati'-n  exhibits  an  intensity  variation  with  ~  11-yr  pe¬ 
riodicity.  as  shown  in  Figure  6-7,  The  cosmic  ray  intensity 
changes  at  the  earth  are  inv  ersely  correlated  with  the  sunspot 
number  and  lug  cha'iges  in  sunspot  number  by  9  t<'  12 
months  The  increase  in  solar  activity  modulates  the  galactic 
cosmic  rays,  through  the  agency  of  the  soiar  wind,  in  such 
a  manner  that  an  increase  in  solar  activity  corresprrnds  to  a 
decrease  in  the  cosmic  ray  intensity.  From  solar  cycle  min¬ 
imum  to  solar  cycle  maximum,  the  energy  density  of  the 
primary  galactic  cosmic  rays  in  the  vicinity  of  the  earth 
decreases  by  about  40%.  The  cosmic  ray  intensity,  as  ob- 
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Figure  6*7.  Illustratiiui  of  the  1 1  -yr  solar  cycle  modulation  of  galactic 
ci>smic  rays  <>bserved  at  the  earth  by  the  Mt.  Washington 
neutron  monitor  fn»m  1954  thru  1979. 


where  V  is  the  solar  wind  velocity  and  K  the  effective 
diffusion  coefficient  in  the  interplanetary  magnetic  field  ir¬ 
regularities.  The  diffusion  coefficient  is  generally  a  function 
of  (3  =  (v/c).  magnetic  rigidity  and  radial  di.stance.  The 
factor  a  ,=  (7  +  l)/7.  where  7  ,is  the  relativistic  factor. 
Numerical  techniques  for  solving  Equation  (6. 1 3)  have  been 
developed  by  cosmic  ray  modulation  theory  specialists.  These 
techniques  require  the  specification  of  the  interstellar  density 
spectrum  U(E„),  the  functional  form  of  the  diffusion  coef¬ 
ficient.  and  appropriate  boundary  conditions.  Numerical  so¬ 
lutions  of  equation  (6.13)  yield  the  modulated  spectra  at 
I  AU. 

The  solar  cycle  modulation  of  the  cosmic  ray  spectra  is 
described  quantitatively  by  the  ‘‘modulation  parameter.”  <}». 
This  parameter  is  defined  as 


served  at  the  earth,  does  not  change  smootiily  from  maxi¬ 
mum  to  minimum  value  It  decreases  by  a  series  of  sharp 
drops  followed  by  partial  recovery  until  the  minimum  in¬ 
tensity  is  readied  near  the  maximum  in  solar  activity.  The 
recovery  to  maximum  cosmic  ray  intensities  may  be  either 
a  slow  rise .  as  observed  from  1958-1 964 .  or  a  rapid  increase 
as  observed  from  1970-1972.  These  two  variations  in  in¬ 
creasing  cosmic  ray  intensity  are  also  observed  in  the  ion¬ 
ization  chamber  records  going  back  to  1933.  giving  rise  to 
a  22-yr  solar  cycle  variation.  The  historical  record  of  sunspot 
observations  shows  longer  (80-200  yr)  periods  modulating 
the  amplitude  of  the  sunspot  number  cycle.  The  variations 
in  the  carbon- 1 4  record  seem  to  correlate  with  these  same 
periods.  See.  for  example.  Stuiver  and  Quay  |I980|. 

Theory  of  Solar  Cycle  Modulation.  There  has  been  con¬ 
siderable  theoretical  work  attempting  to  mode!  the  niodu- 
lation  of  cosmic  rays  by  the  interplanetaiy  medium.  The 
physical  mode!  is  based  on  a  solar  system  filled  with  an 
expanding  fully  ionized  and  highly  conducting  plasma,  the 
solar  wind  (see  Chapter  3).  which  contains  frozen-in  irreg¬ 
ular  magnetic  fields.  Cosmic  rays  undergo  many  scatterings 
from  these  irregularities  and  execute  a  random  walk  in  the 
solar  wind.  The  cosmic  ray  pop'ilation  outside  the  helio¬ 
sphere  diffuses  inward,  and  during  this  diffusive  process  it 
undergoes  deceleration  by  the  adiabatic  cooling  associated 
with  the  expansion  of  the  solar  wind.  The  parameters  re¬ 
quired  to  define  the  transport  equation  and  its  solution  are 
the  diffusion  coefficient  (generally  a  function  of  radius  and 
energy),  the  solar  wind  velocity,  and  the  interstellar  energy 
spectrum. 

The  basis  of  current  solar  modulation  theory  is  the  Fok- 
ker-Planck  equation  for  the  modulated  number  density  ll(r  E' 
per  unit  kinetic  energy  at  heliocentric  radius  r  and  kinetic 
energy  E.  Gleeson  and  Axford  1 1967.  1968)  have  given  this 
equation  as 

Id,  1  d  ,  d 

-(rVU)  -  —  —  (rV)  — (uEU) 

d/  ,  dV\ 

-r^K—  =0  (6.131 

dr\  dr  / 


r  dr 


.ir  dh 


dt 


where  V  is  the  solar  wind  velocity  and  K|(r)  is  the  radial 
part  of  the  diffusion  coefficient.  The  diffusion  coefficient 
K  is  usually  treated  as  a  separable  function  of  radius  and 
rigidity.  In  practice  the  actual  value  of  the  cosmic  ray  mod¬ 
ulation  parameter  at  a  specific  instant  of  time  is  difficult  to 
determine.  A  reference  level  (such  as  the  counting  rate  of 
a  stable  neutron  monitor)  is  correlated  with  the  historically 
derived  modulation  parameters  as  shown  in  Figure  6-8.  and 


I'igurc  f>-X.  (\>iTL*lation  hctvvccn  the  cosmic  ray  mtKlulatu>n  parameter  <l) 
and  the  cininting  rate  of  the  Mt  Washington  neutron  monitor. 
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Figurc  Differential  enerjty  spectra  litr  etismie-ray  inm  nuclei.  The 
shaded  area  indicates  the  ranite  of  the  solar  cycle  nuHlulalion 


(he  current  neutr<in  monitor  counting  mte  is  used  as  a  ref¬ 
erence  mixJulation  level. 

Solutions  of  Kquation  (6.1.'^)  result  in  an  analytic  de¬ 
scription  of  the  cosmic  ray  spectrum  as  a  fundiim  of  kinetic, 
energy  and  solar  nuxlulation  parameter. 


ui:  A..  _  .IE(E  -f  2E„,s)(E  +  d>  +  M)  ^1 
■***  ^  1(E  +  <1))(E  +  2E.,s  +  4»)|.  ■ 


(6.15) 


where  E  is  the  kinetic  energy  of  the  cosmic  ray  nuclei  in 
MeV'nucIcon,  E„.s  is  the  rest  mass  energy  of  the  cosmic 
ray  nuclei  in  MeV/nucleon  and  d>  is  the  mwlulaiion  param¬ 
eter.  lo  mtxlel  the  cosmic  ray  proton  spectrum  Garc'j- 
Munoz  et  al.  |l‘)751  present  solutions  of  the  cosmic  ray 
spectrum  for  various  modulation  levels  and  elements  of  the 
■cosmic  ray  flux.  Figure  6-9  shows  modulated  differential 
iron  spectra  for  various  values  of  the  modulation  parameter 
«(>.  The  shaded  areas  indicate  the  range  of  the  modulation 
observed  during  the  past  few  solar  cycles. 

6. 2. 2. 2  Short  Term  Modulations.  Short  term  modula¬ 
tions  can  be  subdivided  into  two  types,  cyclic  variations 
and  transient  varialicns. 

Cyclic  Varialicns.  Thde  are  -  27-day  variations  in  the 
observed  cosmic  ray  intensity  w  ithin  the  heliosphere,  at  least 
in  the  regions  expliwd  from  0..^  to  20  AU.  These  variations 
are  statistical  averages  assiK'iated  w  i;h  the  structure  of  the 


interplanetary  medium  corotating  with  the  sun.  The  ampli¬ 
tude  of  these  variations,  a.s  observed  by  ground-level  neutron 
monitors,  is  quite  variable,  normally  a  few  percent,  ranging 
from  about  191  to  ST. 

For  cosmic  ray  detectors  ItKatcd  on  the  earth  there  are 
al.so  diurnal  and  semi-diurnal  variations  in  phase  with  the 
earth's  rotation.  The  amplitude  of  these  diurnal  variations 
is  variable  ranging  from  a  maximum  of  a  few  percent  lo  a 
minimum  of  about  0.191.  Figure  6-10  shows  an  enhanced 
daily  variation  continuing  for  several  days.  During  stable 
interplanetary  conditions  the  maximum  amplitude  iKcurs  at 
~  IbOOh  liKal  solar  time.  This  corresponds  to  an  asymptotic 
direction  roughly  along  the  direction  of  the  sun-earth  Archi¬ 
medean  spiral  path  eontinuing  outward  from  the  earth  into 
interplanetary  space. 

The  semi-diurnal  variation  is  usually  less  than  0,  Wc  and 
maximizes  in  both  directions  along  a  line  1.55°  west  of  the 
earth-sun  line,  a  direetion  perpendicular  to  the  mean  inter¬ 
planetary  magnetie  field  direction  at  the  orbit  of  the  earth. 

The  presence  of  a  sidereal  variation  reflecting  a  galactic 
anisotropy  is  still  not  firmly  established,  and  if  present  would 
have  an  extremely  small  amplitude  of  a  few  hundredths  of 
a  percent. 

Transient  Variations.  There  can  be  both  sudden  de¬ 
creases.  and  more  rarely,  increases  in  the  cosmic  radiation 
flux  that  result  from  solar  activity;  Sudden  decrea.ses  in 
intensity,  called  Forbush  decreases  (named  after  the  original 
discoverer)  are  associated  with  sudden  increases  in  the  plasma 
density  and  magnetic  flux  emitted  from  the  sun.  The  large 
Forbush  decrease  events  arc  generally  asscxriated  with  "Irjge" 
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on 

Figure  6-M .  Illustration  of  a  casmic  ray  Forhush  decrease. 

solar  flares  and  interplanetary  shoi’k  structures.  Tne  mag¬ 
nitude  of  these  decreases  is  quite  variable  ranging  from  a 
few  percent  to  as  great  as  in  the  most  extreme  case 
yet  recorded  by  neut''on  monitors  on  the  earth.  An  example 
of  a  Forbush  decrease  is  shown  in  Figure  6-11. 

There  are  two  types  of  "cosmic  ray”  increases  attrib¬ 
utable  to  the  sun.  The  solar  “cosmic  ray"  event  is  discussed 
in  Section  6.3.  There  are  other  occasional  cases  when  ex¬ 
tremely  energetic  solar  flare  generated  sh»vks  propagating 
through  the  interplanetary  medium  can  accelerate  the  am¬ 
bient  particle  population  to  higher  energies.  An  example 
is  the  4  August  1972  cosmic  ray  event  thought  to  be  the  re¬ 
sult  of  Fermi  type  acceleration  of  particles  between  two 
propagating  interplanetary  shiKk  structures  |Levy  et  al.. 
1976). 


6.2.3  Geomagnetic  Effects 

Cosmic  rays  being  charged  nuclei  experience  a  V  x  B 
force  that  continuously  alters  their  path  as  they  propagate 
through  the  geomagnetic  field.  When  analyzing  cosmic  ray 
observations  acquired  on  the  earth,  to  deduce  the  intensity 
and  anisotropy  of  the  cosmic  ray  flux  in  interplanetary  space, 
it  is  necessary  to  make  allowance  for  the  “magnetic  bending" 
of  the  cosmic  ray  trajectory  through  the  magnetosphere. 
Methods  that  correct  cosmic  ray  observations  for  the  actual 
amount  of  the  "geomagnetic  bending”  each  particle  has 
undergone  are  very  specialized  and  beyond  the  scope  of  this 
handbook.  Detailed  information  on  cosmic  ray  asymptotic 
directions  of  approach,  asymptotic  cones,  and  variational 
coefficients  is  given  by  McCracken  et  al.  (1965.  1968). 

6.2.3. 1  Coijmic  Ray  Cutoff  Rigidities.  Cosmic  ray  cu¬ 
toff  rigiditie  ;  are  values  that  specify  the  minimu.n  rigidity 
a  charged  pailicle  must  p<issess  to  be  'Observed  at  a  specified 


position  in  the  geomagnetic  field  from  a  specified  direction. 
Rigidity  is  a  canonical  coordinate  used  in  cosmic  ray  studies 
which  is  element  independent.  When  translating  these  to 
the  different  elements  of  the  cosmic  ray  spectrum,  a  different 
curve  is  obtained  for  each  of  the  elements  contained  in  the 
cosmic  ray  flux.  If  a  primary  cosmic  ray  particle  is  suffi¬ 
ciently  rigid  (that  is.  having  a  rigidity  higher  than  the  cutoff 
rigidity),  it  can  penetrate  through  the  geomagnetic  field  to 
an  observation  point;  if  the  rigidity  of  the  particle  is  less 
than  the  cutoff  rigidity,  it  cannot  penetrate  through  the  mag¬ 
netic  field  to  the  .specified  location  from  a  specified  direction. 
When  considering  charged  particle  propagation  through  the 
geomagnetic  field,  it  is  convenient  to  use  the  rigidity  (mo¬ 
mentum  per  unit  charge)  of  the  particle.  To  determine  the 
energy  [jer  nucleon  of  a  specific  cosmic  ray  element,  rigidity 
to  energy  tables  can  be  utilized.  See  Section  6. 1  for  addi¬ 
tional  discussion. 

Cosmic  ray  cutoffs  are  a  function  of  geomagnetic  lati¬ 
tude.  altitude,  and  the  zenith  and  azimuthal  directions  of 
the  incident  particle  at  the  detection  point.  They  have  a. 
maximum  value  in  the  earth’s  equatorial  region  and  a  min¬ 
imum  value  in  the  polar  regions.  Unfortunately,  the  cosmic 
ray  cutoff  is  not  a  simple  value.  There  is  an  upper  cutoff 
above  which  all  particles  are  allowed,  a  lower  cutoff  bek/W 
which  all  particles  are  forbidden,  and  a  penumbral  region 
between  these  two  values  where  the  transmission  of  cosmic 
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Figure  6-12.  Illust'-iiion  ot  ihc  width  (shaded  area)  of  the  o7smic  ra\ 

.  vertical  cutoff  penumbra  as  a  functit>n  of  latitude  aUmi:  the 
TfyT'i-  mori.ts  tn  Thi*  s»>lid  lino  in»lio;uos  the  effective  eeo- 
maenelic  cutoff  rie'ditv  alone  this  meridian  The  "shi.rp* 
ness  "  of  the  peuLmd'r::!  v.  idth  ar*,'  hv 

only  coiuiderine  the  vertical  direction;  however,  the  niae- 
luiudc  of  the  variation  is  correct 
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radiation  is  chaotic.  The  cosmic  ray  penumbra  exists  near 
the  cosmic  ray  cutttff  rigidity  where  there  is  a  complex  scries 
of  allowed  and  forbidden  particle  trajectories  that  has  so  far 
defied  all  attempts  to  systematically  order  it.  The  effective 
cosmic  ray  cutoff  is  a  practical  value  corrected  for  the  trans¬ 
mission  through  the  cosmic  ray  penumbra.  An  example  of 
the  variation  of  the  vertical  cosmic  ray  cutoff  along  the 
260°E  longitude  meridian  is  shown  in  Figure  6-12.  The 
width  of  the  cosmic  ray  penumbra  showi  in  this  figure  is 
somewhat  typical  of  its  worldwide  behavior. 

The  primtiry  reason  that  precise  values  of  the  cosmic 
ray  cutoffs  are  relatively  difficult  to  obtain  is  that  the  equa¬ 
tion  of  charged  particle  motion  in  a  magnetic  field  dcKs  not 
have  a  solution  in  closed  form.  Relatively  accurate  geo¬ 
magnetic  cutoff  rigidities  can  be  derived  by  tbe  numerical 
integration  of  cosmic  ray  trajectories  in  matbematical  mrxiels 
of  tbe  geomagnetic  field;  however,  the  calculation  of  these 
values  for  a  large  number  tif  l(Kations  and  directions  in¬ 
volves  a  formidable  amount  of  computational  time.  The 


precision  of  these  calculations  is  limited  only  by  the  ac¬ 
curacy  of  the  geomagnetic  field  model  utilized. 

There  arc  long  term  secular  variations  in  the  cosmic  ray 
cutoff  rigidities  directly  reflecting  the  long  term  secular 
changes  in  the  geomagnetic  field.  Over  an  approximate 
10-yr  period  these  changes  are  sufficient  to  be  experimen¬ 
tally  observed,  and  for  very  precise  analyses  these  secular 
variations  should  be  considered. 

Because  of  the  complexity  of  cutoff  rigidity  calculations, 
a  number  of  approximations  are  generally  employed.  For 
experimental  analyses,  the  specific  approximation  utilized 
is  usually  determined  by  the  precision  of  the  measurement 
being  studied;  as  cosmic  ray  experiments  become  more  pre¬ 
cise.  more  accurate  cutoff  -igidities  are  required. 

For  the  majority  of  cosmic  ray  studies  on  the  earth’s 
surface  or  in  the  atmosphere,  it  is  often  sufficient  to  know 
the  vertical  cutoff  rigidity  at  each  observational  location. 
World  grids  of  vertical  cutoff  rigidities  from  which  .alues 
for  intermediate  kx-ations  and  time  periods  can  be  inter- 
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polated  for  Epochs  1955.  1%5,  1975.  and  1980  have  been 
calculated  by  numerical  integration  (Shea  et  al..  1968:  Shea 
and  Smart.  1975;  1983|.  An  iso-rigidity  contour  map  of 
effective  verticaf  cosmic  ray  cutoffs  for  EptKh  1980.0.  re¬ 
flecting  the  use  of  the  newer  and  more  accurate  internal 
magnetic  field  model  IPeddie.  1982|.  is  shown  in  Figure 
6-13.  The  values  for  the  effective  vertical  cosmic  ray  cutoff 
rigidities  for  this  same  epoch  are  tabulated  in  Table  6-3. 

"^he  Stdriner  Approxhmirion.  The  classic  work  of  Stormer 
on  the  motion  of  charged  particles  in  a  dipole  magnetic  field 
resulted  in  the  following  equation  for  the  cosmic  ray  cutoff 
rigidity  P, 


P,  =  M 


cos'‘\ 


R"|l  +  (I  -  sinr  sin<|)  cos'X)' ’1’ 


(6.16) 


fcpocH  -  iqeoo 


w;.  Sk'  '  W  - 


Figure  6-1.1.  Iso-rigidiiy  onlimrs  of  vertical  cosmic  ray  effective  cutoff 
rigidities.  The  units  of  cutoff  rigidity  arc  in  GV. 


where  X  is  the  geomagnetic  latitude,  f  js  the  zenith  angle, 
and  <t»  is  the  azimuthal  angle  measured  from  the  magnetic 
north.  When  this  equation  is  normalized  to  the  earth’s  dipole 
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moment  M  and  the  distance  from  the  dipole  center  R  is 
expressed  in  earth  radii,  the  constant  terms  evaluate  to  59.6. 
For  locations  on  the  earth  the  vertical  cutoff  rigidity  is  very 
useful,  and  since  the  zenith  angle  is  zero  the  dipole  vertical 
cutoff  is  given  by 


Variations  of  the  Stdrmer  cuts  ff  equation  can  be  em¬ 
ployed  when  normalized  to  the  cartii's  actual  magnetic  field. 
An  improvement  in  accuracy  can  be  obtained  by  correcting 
for  the  displacement  of  the  earth's  effective  magnetie  center 
from  the  getx-enter.  A  number  of  magnetic  cmirdiniite  sys¬ 
tems  can  be  employed:  however,  the  Mcllwain  B-L  awr- 
dinate  system  [Mcllwain  1961)  is  very  useful  .since  in  a 
dipole  field  cos'X  =  R  L.  The  worldw  ide  grid  of  trajectory- 
derived  effective  vertical  cosmic  ray  cutoff  rigidities,  no- 
malized  to  the  L  parameter,  results  in 


MAoNETtC  EQUATORIAL  TlME(bOur\> 


This  form  is  useful  where  the  geomagnetic  field  retains  its 
basic  dipolar  structure;  it  can  he  used  throughout  the  mag¬ 
netosphere  w  herever  a  useful  1.  coordinate  can  he  calculated. 
A  practical  limit  for  the  region  of  applicahility  seems  to  be 
within  the  dttmain  of  the  I,  =  4  shell.  At  higher  I,-shclls 
increasi.ng  errors  will  be  encountered  due  to  the  external 
current  systems  of  the  magnetosphere. 

Recent  work  indicates  that  the  .Stdrmer  equation  ean 
be  generalized  to  estimate  the  cutoff  at  other  directions 
and  altitudes  if  a  local  niirnv.ilization  value  is  available. 
If  a  vertical  (more  properly,  dipole  radb'li  cutoff  is  known, 
the  cutoff  at  other  direction.^  iuay  be  computed  using  a 
normalized  form  ot  Kquation  (6.16)  and  an  appropriate 
magnetic  coordinate  system.  If  a  cutoff  at  one  altitude  is 
known,  the  cutoff  at  another  altitude  can  be  computed. 
,-\  convenient  way  is  to  employ  the  1.  ’  dependence  of 
Hquation  (6.18). 

Cosmic  R(i\  Cutoffs  at  Hit’ll  l.atitiulcs.  The  earth's  mag¬ 
netosphere  has  a  dynamic  topology  reflected  in  the  daily 
variation  of  the  cosmic  ray  cutoff  at  high  magnetic  latitudes. 
In  regions  where  the  magnetic  held  line%  arc  "open"  (that 
is.  traceable  to  the  distant  magnetosphere  tail),  the  cosm'c 
ray  cutoff  is  essentially  zero.  In  regions  of  the  magneto¬ 
sphere  w  here  the  magnetic  held  line  topology  changes  from 
open  to  closed  as  the  earth  rotates  (magnetic  latitudes  from 
~  60'  to  "  15').  there  is  a  signiticant  daily  variation  in  the 
value  of  the  cosmic  ray  cutoff  rigidities  Current  magne- 
tospheric  models  are  inadequate  to  precisely  model  these 
changes  and  are  limited  to  providing  upper  limits  of  the 
cutoff  rigidity  values.  The  best  available  average  high  lat¬ 
itude  cutoff  \alues  ha\e  been  obtained  by  polar  orbiting 
satellites  |Fanselow  and  Stone.  1972)  and  are  shown  in 
Figure  6-14. 


6.2.4  Charged-Particle  Flux 
Within  the  Atmosphere 

The  intensity  and  compo  ;iti('n  of  the  cosmic  rays  ob¬ 
served  within  the  atmosphere  depend  on  the  quantity  of 
absorbing  material  traversed  before  observation  in  addition 
to  the  cutoff  rigidity  of  the  observation  point.  Atmospheric 
conditions,  especially  barometric  pressure,  have  an  appre¬ 
ciable  effect  on  the  rtieasured  intensity:  hence,  cosmic-ray 
intensities  are  usually  reported  in  terms  of  amiospheric  depth 
(mass  of  air  per  unit  area  above  the  observation  point)  or 
of  air  pressure  at  the  observation  point  rather  than  the  al¬ 
titude  of  the  observ  ation.  The  ionization  rate  measured  within 
the  atmosphere  depends  upon  the  amount  of  matter  above 
the  point  -of  observation  and  on  its  distribution  in  height. 
■At  a  given  altitude,  the  value  of  the  pressure  in  millibars  is 
about  2Ci  less  than  the  atmospheric  depth  in  grams  per 
square  centimeter.  Figure  6-15  is  a  plot  of  atmospheric  depth 
as  a  function  of  altitude. 

Primary  cosmic  rays  incident  upon  the  top  of  the  earth's 
atmosphere  interact  w  ith  air  nuclei  prodi  eing  high-energy 
secondary  cosmic  rays.  These  secondaP’  particles,  in  turn, 
internet  with  other  nuclei  and  produce  additional  secondar¬ 
ies.  Figure  6-16  illustrates  a  nuclear  cascade  pnx'ess  initi¬ 
ated  by  a  primary  cosmic  ray.  The  production  of  secondary- 
components  becomes  signiticant  at  about  55  km  (4-mb  pres¬ 
sure  with  the  liKal  intensity  reaching  a  maximum  (the  Pfotzer 
maximum)  at  approximately  20  km  '56  mb).  The  intensity 
o!  secondaries  (hen  decretiscs  from  the  Ptotzer  maximum 
to  the  surface  of  the  earth  as  the  particles  lose  energy  by 
additional  collisiims  until  the  majority  either  decay  (  r  are 
absorbed.  .An  excellent  compilation  assembling  cosmic  ray 
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AUTITUOCOm)  ALTITUDE  (km) 

Figure  6-15.  The  mass  of  air  per  unit  area  in  a  venical  column  catending  upward  from  a  hcighi  H  abiwe  sea  level  |Ely.  19621. 


Figure  6-16  Schematic  diagram  of  a  cosmic  ray  shower.  N  and  P  arc 
high  cnerg)  neutrons  and  protons  while  the  lower  case  n 
and  p  arc  used  to  denote  di.sinlegration  product  neutrons  and 
prolons  Pions.  mesons,  electrons,  positrons,  and  gamma 
rays  are  indicated  by  conventional  symbols. 


observations  on  the  earth  has  been  prepared  by  Allkofer  and 
Grinder  119841. 

In  theory  ,  the  intensity  of  any  specified  secondary  com¬ 
ponent  can  be  derived  from  a  khv)wledge  of  the  primary 
spectrum  and  the  specific  yield  functions.  Computer  codes 
exist  that  will  convert  a  specified  primary  cosmic  ray  spec¬ 
trum  into  probable  secondary  components  at  any  location 
and  specified  atmospheric  depth.  See  O'Brien  |I970|, 
O’Brien  11979)  and  references  therein  An  example  of  the 
computed  and  experimentally  measured  ioniyation  as  a  func¬ 
tion  of  altitude  is  shown  in  Figure  6-17, 

6.2.4. 1  The  Secondary  Cosmic  Ray  Ionizing 
Component.  The  cosmic  ray  secondaries  most  commonly 
measured  on  the  earth's  surface  arc  n  and  p,  mesons,  neu¬ 
trons.  protons,  electrons,  and  y-ray  photons.  The  secondary 
cosmic  rays  are  often  classified  into  three  major  components: 
the  hard  component  comprised  of  primarily  relativistic  muons, 
the  nr.cleonic  component  comprised  of  locaily  produced 
protons  and  neutrons  and  the  soft  com|)onent.  comprised  of 
electrons  and  y  rays.  The  dux  and  eomposition  of  the  sec¬ 
ondary  cosmi..  rays  are  the  result  of  random  interaction 
probabilities;  the  instantaneous  flux  of  ionizing  secondar'cs 
can  have  a  considerble  variation  from  the  average  flux.  For 


/ 


6-13 


CHAPTER  6 


§  EXPERIMENT 


-  O'BRIEN  ( 1970)  i 
CALCULATED  FOR 
SOLAR  MINIMUM 
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Figure  6-!  7.  Compufcd  and  cxperiinonial  altitude  variation  of  cosmic  ray 
ioni/.ilion  The  data  arc  norir.ali7cd  to  a  sea  level  valu-  of 
2  15  ion  pairs  per  second  per  cub«c  cenlinieter  at  ^ca  level 
(K)klerand  IjKiff.  l*^7xj 


example  the  intensity  in  the  core  of  the  cosmic  ray  shower 
may  be  orders  of  magnitude  abtive  the  "average"  for  a  few 
microseconds. 

Typical  ionization  rates  in  the  polar  atmosphere  as  a  func¬ 
tion  of  atmospheric  depth  and  solar-cycle  variation  are  shown 
in  Figure  6-18.  The  variation  of  ionization  with  latitude  ob¬ 
tained  by  Neher  1 1 967 )  during  the  1 965  solar  minimum ,  plot¬ 
ted  as  a  function  of  cosmic  ray  cutoff  rigidity,  is  illustrated  in 
Figure  6-19.  The  nmst  common  high  energy  ionizing  com¬ 
ponent  of  the  secondary  cosmic  radiation  is  the  cosmic  ray  p. 
meson.  These  muons  must  be  relativistic  to  traverse  the  at¬ 
mosphere  (half  life  '=  2  X  10  *  s),  are  only  weakly  ioniz¬ 
ing  (the  energy  loss  of  a  p  meson  in  air  is  2. 2  MeV  cm^  g'' )  and 
at  sea  level  have  a  pole  to  equator  latitude  dependence  of  the 
order  of  ~  10*^ .  The  typical  p  meson  spectrum  is  shown  ir. 
Figure  6-20.  The  p  meson  intensity  as  a  function  of  altitude  is 
shown  in  Figure  6-2 1 . 

The  high  energy  secondary  cosmic  radiation  can  initiate 
nuclear  interactions  in  whatever  matter, they  penetrate.  The 
nuclear  fragments  of  these  interactions  resemble  “stars"  when 
recorded  in  photographic  emulsions  and  examined  under  high 
magnification.  "Star  counts"  can  be  used  to  estimate  the  preb- 
ab'e  rate  of  interactions  in  semi-conductors;  these  interac¬ 
tions  can  cause  errors  in  solid  state  logic  circuits.  A  compact 
tabulation  of  observed  star  counts  is  given  in  Table  6-4. 

6.2.4.2  The  Secondary  Cosmic  Ray  Neutron  Compo¬ 
nent.  The  secondary  cosmic  ray  neutron  component  is 
generated  within  the  atmosphere  by  the  nuclear  interaction 
of  high  energy  cosmic  ray  nuclei  with  atmospheric  atoms. 
There  are  no  neutrons  in  the  primary  cosmic  ray  flux.  At 
high  energies  the  "knock-on"  process  dominates  the  neutron 
production,  while  at  lower  energies  the  “neutron  evapora¬ 
tion"  pixKess  dominates  the  neutron  production.  These  neu¬ 
trons  interact  with  other  atmospheric  atoms  and  produce 
radioactive  isotopes.  The  secondary  neutron  flux  in  the  at¬ 
mosphere  is  responsible  for  the  generation  of  cosmogenic 
isotones  such  as  '■‘C  (half  life  of  5730  years),  -‘Al  (half  life 


Tabic  6-4.  ray  induced  nuclear  intcraclmn-v  (per  cubic  centinwter  per  day) 


Type 
of  Star 
(Number  of 
Prones) 


2  GV  Cutoff  Rigidity 

10  GV 

Cutoff  Rigidity 

Atmospheric  Depth 
(gem-) 

14.9  47.4  63.7  81.3  121  677 

Atmospheric 

Depth 

(g'enr’) 

14.9  47.4 

21.50  2(U0 

372  2.35 

128  27 
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Figure  6-18.  Yearly  averaged  cosmic  ray  ionization  rate  per  atmosphere  of  air  as  a  function  of  atmospheric  depth  (Neher.  19i|]. 


of  7.4  X  lO’  years),  and  '"Be  (half  life  of  1 .5  x  KT  years). 
The  carbon- 1 4  isotope  enters  the  hiosystem  and  can  be  used 
to  date  dead  fiological  materials.  Other  long  lived  isotopes 
may  collect  in  the  polar  ice  or  sea  sediments.  The  differential 
energy  spectrum  of  neutrons  at  various  depths  in  the  at¬ 
mosphere  is  shown  in  Figure  6-22  (Armstrong  et  al.,  1973). 
Tiiese  result.s  are  typical  of  midhtitudes.  The  fast  neutron 
flux  in  the  atmosphere  at  various  depths  and  cutoff  rigidities 
for  both  solar  minimum  and  solar  maximum  conditions  is 
illiistra*ed  in  Figure  6-23  (Light  et  al.,  I973|. 


Figure  6-1**  Cosmic  niy  iont/ulion  r;i!c  as  a  fu'^clion  of  alti'udc  and 
geomagnetic  cuhif*  rigidity 


6.2.5  Cosmic  Ray  Albedo 

Some  small  fraction  of  the  secondary  cosm'c  radiation 
will  escape  the  atmosphere  and  contribute  to  the  total  ra¬ 
diation  flux  exposure  to  earth  orbiting  satellites.  The  elec¬ 
trons  and  protons  will  spiral  along  the  earth’s  magnetic  field 
lines  to  the  opposite  hemisphere.  Mea.surements  of  the  al¬ 
bedo  proton  flux  at  the  "top"  of  the  atmosphere  for  high 
and  midlatitudes  are  given  in  Figure  6-24  while  the  albedo 
electron  flux  at  the  "top"  of  the  atmosphere  is  given  in  Figure 


T— -1 - -  '  I  ""I. - — -T 
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Figure  6-20.  Differential  vertical  Mux  of  muons  at  sea  level  Measured 
values  arc  indicated  by  the  vmii»us  svmlxds  while  the  solid 
line  is  a  mathcnialicui  calculation  {Murakami  et  al  .  |U7d| 
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ATMOSPHERIC  (DEPTH  (g-cmT') 

Figure  6-21.  Altitude  variation  of  the  muon  intensity  >0  3  GeV:  The 
sidid  line  represents  older  values  ( eirca  1^48)  (Murakami 
et  al  .  IWl. 


6-25.  The  electron  albedo  includes  approximately  equal 
numbers  of  electrons  and  p<D:  itrons.  There  appears  to  he  a  large 
variability  in  the  available  electron  albedo  measurements  that 
is  not  yet  resolved.  Typical  numbers  in  the  energy  range  0. 1 
to  2.5  GeV  are  e*  —  11.  t  =  67  m'V'sr'.  The  results  of 
satellite  measurement;;  in  the  equatorial  region  et  230  km  are 
given  in  Figure  6-26.  There  is  an  approximate  factorof  2  in¬ 
crease  in  these  numbers  in  the  high  latitude  region. 

About  10%  of  the  secondary  cosmic  ray  neutron  flux  in 
the  upper  atmosphere  will  escape  into  space.  The  cosmic 
ray  albedo  neutron  flux  escaping  from  the  atmosphere  is  not 
bound  by  the  earth's  magnetic  field  and  will  later  decay 
(neutron  half  life  —  11.7  minutes)  into  an  electron  and 
proton,  which  may  be  trapped  in  the  earth’s  magnetic  field, 
and  an  anti-neutrino.  The  albedo  neutron  flux  is  an  important 
source  of  the  high  energy  proton  flux  trapped  in  the  earth's 
magnetosphere  (see  Chapter  5).  A  model  "global  averaged” 
albedo  neutron  spectrum  is  given  in  Figure  6-27.  Near  the 
earth  there  is  an  approximate  1 :7  ratio  of  the  albedo  neutron 
flux  from  the  equatorial  atniosphere  as  compared  with  the 
flux  from  the  polar  atmosphere.  , 


6.3  ENERGETIC  SOLAR  PARTICLES 
(SOLAR  COSMIC  RAYS) 

Part  of  the  energy  released  in  solar  flares  may  be  nuclei  ac¬ 
celerated  to  high  energies  and  released  into  space.  These  solar 
particle  events  are  commonly  referred  to  by  a  number  of  de¬ 
scriptive  names  such  as  solar  cosmic  ray  events  (SCR),  solar 
proton  events,  scilar  electron  events,  polar  cap  abswption  events 
(PCA).  and  ground  level  events  (GL  ’i).  Each  of  these  names 


results  from  and  is  descriptive  of  a  measurement  technique. 
Cosmic  ray  sensors  on  the  earth  recorded  the  first  observed  en¬ 
ergetic  solar  flare  particle  outbursts,  and  hence  the  name  solar 
cosmic  ray  events  was  derived.  Later,  when  balloon  borne 
cosmic  ray  detectors  observed  particle  events  not  detected  at 
the  earth's  surface,  the  name  ground  level  event  was  intro¬ 
duced  to  distinguish  between  those  events  detected  at  ground 
level  and  those  observed  only  near  the  top  of  the  atmosphere. 
This  name  is  still  used  to  identify  solar  particle  events  contain¬ 
ing  relati  vi.stic  protons.  Beginning  in  the  1950s  the  earth’s  po¬ 
lar  ionosphere  was  shown  to  respond  to  solar  flare  protons  with 
energies  from  about  1  to  50  MeV.  and  the  term  PCA  events 
became  synonymous  with  solar  proton  events.  Spacecraft 
measurements  are  now  many  orders  of  magnitude  more 
sensitive  than  earth-based  measurements  and  allow  meas¬ 
urements  of  the  composition  of  solar  particle  events.  The 
term  .solar  electron  event  was  introduced  after  1965  to  dis¬ 
tinguish  the  species  of  particles  present.  However,  the  older 
definitions  are  still  used  to  provide  continuity  of  historical 
data  bases. 

The  most  commonly  measured  components  of  solar  par¬ 
ticle  events  are  protons  and  electrons.  The  first  positive  meas¬ 
urements  of  solar  neutrons  occurred  in  1980  [Chupp  et  al.. 
1982).  Solar  neutron  fluxes  at  the  earth  will  be  extremely 
rare  as  the  neutron  half  life  of  ~  11.7  min  implies  all  but 
the  most  energetic  solar  neutrons  will  have  decayed  before 
they  can  reach  the  earth’s  orbit. 

6.3.1  The  Solar  Particle  Source 

The  source  of  the  energetic  solar  particles  is  generally 
the  solar  flare  (see  Chapter  I).  There  is  a  time  correlation 
between  the  observation  of  an  increase  of  the  particle  flux 
in  interplanetary  space  and  the  occurrence  of  a  solar  flare. 
At  iow  energies,  there  is  a  correspondence  between  the  level 
of  solar  activity  (such  as  the  number  of  flares  and  sub-flares) 
and  the  low  energy  solar  particle  flux  in  interplanetary  space. 
Some  flares  are  more  copious  energetic  particle  producers 
than  others,  the  more  copious  solar  particle  generaiors  gen¬ 
erally  being  solar  flares  rich  with  x-ray  and  high  frequency 
radio  emission  (particularly  in  the  centimeter  and  millimeter 
wave  lengths). 

Many  of  the  particles  accelerated  to  high  energies  in  a 
solar  flare  will  escape  from  the  solar  corona  into  the  inter¬ 
planetary  medium.  As  the  energetic  charged  particles  move 
into  the  interplanetary  medium  they  will  be  guided  along 
the  existing  spiral  magnetic  field  pattern.  As  a  result,  both 
the  intensity  and  the  spectrum  observed  at  the  earth  depend 
somewhat  on  the  relative  positions  of  the  earth  and  the  flare 
on  the  sun.  For  example,  a  solar  wind  velocity  of  400 
km/s  produces  a  spiral  field  that  connects  the  earth  to  the  so¬ 
lar  longitude  ~  55°  west  of  the  central  meridian  of  the  sun 
as  viewed  from  the  earth.  The  actual  degree  of  "well  con¬ 
nectedness"  between  the  earth  and  the  sun  depends  on  in- 
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Figure  ft-22.  Neutron  spectra  at  various  depths  tri>m  the  top  of  Ihe  atnK>sphcrt  The  data  are  adjusted  to  solar  minimum  conditions  at  the  midlatitude 
getmiuenctic  latitude  of  -42'^.  (equivalent  to  a  vertical  cuvlf  rigidity  of  4.5  GV). 


terplanefary  conditions  at  the  time  of  the  Hare,  and  these 
conditions  are  highly  variable  and  unpredictable. 

6,3.2  The  Size  and  Frequency  of  Solar 
Particle  Events  at  the  Earth 

Major  solar  particle  events  occur  at  random,  with  a 
frequency  that  varies  frcim  approximately  one  every'  two 
months  to  (me  every  two  years  Major  solar  particle  events 
consist  primarily  of  si/eabic  fluxes  of  energetic  electrons 
and  energetic  protons.  These  solar  flare  initialed  solar  par¬ 
ticle  events  may  also  contain  a  small  and  apparently  variable 
flux  of  heavier  elements.  The  frequency  of  solar  particle 


events  is  correlated  with  the  solar  activity  cycle;  however, 
there  is  a  large  variance  in  the  distribution.  Significant  solar 
particle  events  have  occurred  during  solar  minimum.  There 
can  be  relatively  long  periixls  between  significant  solar  par¬ 
ticle  events  during  the  solar  maximum.  The  elemental  com¬ 
position  of  the  accelerated  ions  is  not  radically  different 
from  the  elemental  composition  of  the  solar  atmosphere, 
although  composition  differences  as  a  function  of  energy 
exist  us  discussed  in  Section  6..'?..^,  The  “size"  of  a  solar 
particle  event  depends  on  the  energy  of  measurement,  and 
consequently  the  “size"  is  dependent  on  the  energy  spectra. 
The  particle  events  near  the  earth  that  result  from  these  solar 
flares  may  last  from  a  few  hours  up  to  a  maximum  of 
approximately  ten  days.  The  Cuuilot;  of  Solar  Proton  Events 
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SPLASH  ALBEDO  ELECTRONS 


ENERGY  (MeV) 

Figure  6-25.  Measured  diffca’iuial  kinelic  e.-KTsiy  spectrum  of  the  albedo 
electron  flu<  at  the  "top"  o!'  the  atim  .pher"  The  solid  circles 
ate  measurements  at  Palestine.  Texas  (verical  cutoff  ric'dity 
~4..^  GVi,  and  the  open  circles  are  measurements  at  high 
latitudes  (Ft.  Churchill.  Canada).  Adapted  fnim  Isracfll'^bdl. 


1955-1969  I  Dodson  et  al..  197.*))  and  CaUilof’  of  Solar 
Protoh  Events  1970-1979  |Akiniyan  et  al..  198.^1  contain 
considerable  detail  in  describing  solar  particle  events  and 
asswiated  solar  circumstances. 

6.3.2. 1  Solar  Proton  Events.  A  list  oi  the  major  solar 
proton  events  observed  at  I  AU  at  the  orbit  o!  the  earth  is 
given  in  Table  6-.S.  The  solar  prtiU  n  event  frequency  dis¬ 
tribution  has  a  period  of  ~  1 1  years  (li.e  solar  sunspot  cycle), 
and  there  is  usually  one  anomalously  large  event  in  each 
solar  cycle.  Apart  from  these  anomalous  events,  the  re¬ 
maining  events  seem  to  he  distributed  as  though  the  log  (lo 
base  10)  of  their  sizes  has  a  normal  statistical  distribution. 
This  is  called  a  log-normal  distribution.  King  |I974|  has 
found  that  the  distribution  of  the  solar  proton  lluences  F  is 
a  log-normal  distribution  above  any  energy  threshold.  The 
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Figure  6-26.  Spacecraft  measurenK-nts  of  the  low  altitude  albedo  electron 
Dux  IKurt.osxtva.  IPTSj. 
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Figure  6-27.  ,\  niixlcf  "global  averaged"  albedo  i.eutron  spectrum  (Claflin 
and  While.  IU74|. 
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Tabic  6-5.  Majiir  v)lai  prmon  events  observed  at  the  earth 


Solar  Panicle 
Event  Onset 
Date 

PECS 

Maximum 

Neutron 

Monitor 

Increase 

(Percent) 

Maximum 

30  MHz 

Riometer 

Absorption 

(db) 

Peak  Flux 
(cm  -  s  ') 
(onmidirectionai) 
>30 

MeV 

Integrated 
Intensity 
(cm  -) 

>30 

MeV 

1956  Feb  23 

X  34 

4554 

13 

6  200* 

6.5  X  10"* 

l956  AUg3l 

X  3  0 

— 

4.9 

150* 

2,5  X  10'* 

1957  Jan  20 

X  2  0 

— 

,  4.1 

2  500* 

3  X  10"* 

1958  Mar  23 

X  20 

— 

3.2 

1  200* 

1958  Mar  25 

X  30 

— 

10 

1  500*(sc) 

|Z  A  lU  1 

1958  lul  7 

X40 

— 

23.7 

1  500* 

3  X  lO** 

* 

2  000*(sc) 

1958  Aug  16 

X  40 

— 

>15 

200* 

2  X  10’* 

1958  Au^:  72 

X  30 

— 

10.6 

500* 

5  X  10’* 

1958  Avg  .\i 

X40 

— 

16.6 

1  ioo* 

5.3  X  10’* 

1958  Sep  22 

X  30 

-  ■ 

10.6 

50* 

6  X  10** 

1959  May  10 

X40 

— 

22 

6  000* 

7  X  10"* 

■ 

8  000*(sc) 

1959  Jul  10 

X  4  0 

— 

20 

4  000* 

8.8  X  10** 

195y  Jul  14 

X40 

— 

23.7 

11  000* 

1.1,  X  lO’* 

1959  Jul  16 

X42 

10 

21.2 

16  000*  , 

8.1  X  10"* 

18  OOOlsci 

I960  Apr  1 

1  2  0 

— 

3 

50* 

2.7  X  lO** 

I960  Apr  5 

120 

— 

3.1 

40* 

2  X  10** 

1960  Apr  28 

(2;?  0 

'  -  ■ 

3 

300* 

2.5  X  10’* 

1960  May  4 

(1)24 

290 

5 

200* 

7  X  10** 

I960  May  13 

(1)2  0 

— 

4.5 

60* 

4  X  10** 

1960  Sep  3 

2  2  1 

4 

2-7 

240* 

4  X  10’* 

Maximum 

Maximum 

Peak  Flux 

Neutron 

30  MHz 

(cm  -  s  ') 

Integrated 

Monitor 

Riometer 

Intensity 

Increase 

Absorption 

directional 

onmidirectionai 

(cm  -) 

Date 

PECS 

(Percent) 

(db) 

>30  MeV 

>30  MeV 

>30  MeV 

I960  Nov  12 
1960  Nov  15 

1960  Nov  20 

1961  Jul  II 
1961  Jul  12 
l%l  Jul  18 
1961  Jul  20 
l%i  Sep  28 
1963  Sep  20 

1965  Feb  5 

1966  Mar  24 
1966  Jul  7 

1966  Aug  28 

1967  May  25 
1967  May  28 

1967  IX'c  3 

1968  Jun  9 
1968  Sep  28 
1968  Sep  29 


12  000* 
6  000* 

1  000* 

20* 

120* 

2  500* 


~ 

3.3 

11.0 

150* 

2.4  X 

10** 

4 

4.0  ' 

30  , 

1  X 

10* 

1.3 

50.0 

250 

1  X 

10* 

— 

1.6 

15.0 

-1.0  X 

10" 

3 

2.1 

30.0 

4.4  X 

10" 

)  — 

4 

15.0 

1.0  X 

10" 

II 

32.0 

1.7  X 

10* 

— 

4.1 

27  0 

1.3  X 

10* 

— 

1.8 

10.5 

4.6  X 

10" 

— 

6.5 

12,4 

8.9  X 

10" 

— 

1.2 

0.1 

|6.9  X 

10"|T 

1 

1.7 

19.0 
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Date 

PECS 

Maximum 

Neutron 

Monitor 

Increase 

(Percent) 

Maximum 
.30  MHz 
Riometer 
Absorption 
(db) 

Peak  Flux 
(cm“-  s  '  sr"') 
(directional) 

>30  MeV 

Integrated 
Intensity 
(cm  ■) 

>30  MeV 

1968  Oct  4-6 

,12  0 

1  _ 

1.5 

6.3 

2.6  X  10' 

1968  Oct  31 

2  3  0 

— 

5.5 

10.0 

|l.2  X  l()''lt 

1968  Nov  1 

2  3  0 

- ■ 

4 

11.7 

1968  Nov  18 

2  3  3 

14 

12.5 

404.0 

1.7  X  10" 

1968  Dec  3 

1  20 

— 

(slight) 

1.7 

[3.2  X  KTIt 

1968  Dec 

2  3  0 

4.7 

31.0 

1969  Feh  2.5 

12  3 

16 

2.1 

41.5 

2.1  X  lO" 

1969  Mar  30  , 

1  1  2 

9 

1.4 

13.0 

1.3  X  lO" 

1969  Apr  1 1 

3  3  0 

— 

>16 

123.0 

1.6  X  10" 

1969  Nov  2 

3  3  0 

— 

13 

737.0 

2.1  X  10" 

1970  Jan  31 

1  20 

— 

3 

6.2 

,  2.7  X  10' 

1970  Mar  6 

1  3  0 

— 

5 

0.9 

1.0  X  10' 

1970  Mar  29 

120  , 

— 

1.8 

20.2 

1.7  X  10'’ 

1970  July  24 

120 

— 

4.5 

0.8 

5.8  X  10^ 

1970  Aug  14 

2  2  0 

— 

3.0 

2.7 

3.9  X  10' 

1970  Nov  5 

1  2  0 

— 

3.5 

1.7 

2.8  X  10' 

1971  Jan  24 

3  3  3 

26 

14.5 

408.0 

2.7  X  10" 

1971  Apr  6 

1  2  0 

— 

3.8 

5.0 

2.0  X  10' 

1971  Sep  1 

2  3  3 

16 

5.2 

162.0 

1.3  X  10" 

1972  May  28 

1  2  0 

— 

2.6 

2.7 

5.3  X  10' 

1972  Aug  4 

4  4  2 

20 

>22  . 

21  000.0 

6.2  X  10" 

1972  Aug  7 

1 - 1 - - 

3  4  2 

8 

3.1 

384.0 

3.0  X  10" 

PECS.  The  notation  PECS  stands  for  the  three  digit  proton  event  classification  system  as  defined  by  Smart  and  Shea 
1 197!  1  as  follovks: 


First  Digit 

Second  Digit 

Third  Digit 

E  >  10  MeV 

Satellite  Measured 

Daylight  Polar  .30  MHz 

Sea  Level  Neutixm 

Proton  Intensity 

Digit  cm  "s  'sr  ' 

Riometer  Absorption 

Monitor  Increase 

—  3  From  10  '  to  10  " 

_ 

_ 

-  2  From  10  "  to  10  ' 

— 

— 

-  1  From  10  '  to  10" 

'  - 

— 

0  From  10"  U)  10' 

No  measurable  increase 

No  measurable  increase 

1  From  10'  to  10" 

Less  than  1 .5  dB 

Less  than  39f 

2  From  10"  to  10' 

From  1.5  dB  to  4.6  dB 

From  y/c  to  109f 

3  From  10'  to  1(P 

From  4.6  dB  to  15  dB 

From  107,  to  1007 

4  Greater  than  lO'* 

Greater  than  15  dB 

Greater  than  1007 

The  lirsf  diuit  reprc><.'nis  the  nicaMirenwnf  of  the  •  10  MeV  proton  tlux  b\  a  satellite  \^ithin  the  earth-m<M)n  system,  the  second  d*eit  n.*j. resents  the 
MH/  absiirpllon  niejMired  b\  a  sunlit  p<.>!ar  rioinetei .  ind  the  third  dijiii  represents  the  response  of  a  hiiih  latitude  sea  level  neutron  numitor.  An  "X"  in 
the  first  dietf  indicates  that  m.t  enoueh  satellite  data  arc  available  to  make  a  delcrininalitin  of  the  maximum  llux  of  pixUons  greater  than  10  MeV.  A  digit 
\sithin  parenthesis  is  provisional,  based  on  partial  data. 

"Proton  bus  data  derived  from  Polar  fap  absorption  measurements.  > 

(sc)  Peak  Hux  associated  with  geomagnelie  storm 
{  Composite  integrated  proton  tlux  of  2  separate  events. 
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Tabic  6-6  The  paraniciOP>  iif  the  log-ncirmal  ilistribulions  for  ordinary  solar  flares.  Paraircters  are  shown  for  the  integral  oninidircclional  flucncc 
for  the  entire  vilar  esent  in  protons  cm  and  the  peak  omnidirectional  flux  in  protons  cm  '  s  '. 


F:  >  10  MeV 

E  >  30  MeV 

E  >  60  MeV 

E  >  100  MeV 

Log  Omnidirectional 
Integral  Flucncc 

8.27  ±  0.59 

7.28  ±  0.75 

6.63  ±  0.95 

5.77  ±  1.24 

(mean  ±  tr) 

Log  Otiinidirectional 

Peak  Flux 

3.27  ±  0.64 

2.37  ±  0.82 

1.88  ±  0.78 

(mean  ±  o) 

Data  from  King  1 1<)74| 


means  and  standard  deviations  of  the  distributions  for  four 
energy  thresholds  are  shown  in  Tabic  6-6. 

6.3  2.2  Solar  Electron  Events.  The  data  base  for  solar 
electron  events  begins  w/ith  their  identification  in  l%5.  Since 
it  is  difficult  to  measure  electrons  in  a  high  flux  of  pene¬ 
trating  protons,  it  wias  not  until  Idfi.S  that  the  detector  tech¬ 
nology  used  on  spacecraft  was  capable  of  uniquely  distin¬ 
guishing  between  electrons  and  protons.  Solar  electrons  are 
present  in  all  major  solar  particle  events  and  were  probably 
present,  but  not  identified,  in  major  events  prior  to  1965. 


Solar  electron  events  are  characteristically  separated  into 
two  groups;  low  energy  solar  electrons  (energy  ranges  in 
the  IDs  of  KeV)  and  high  energy  electrons  (energies  in  the 
MeV  range).  (Since  the  rest  mass  energy  of  an  electron  is 
0.51 1  MeV.  electrons  with  kinetic  energy  in  the  MeV  range 
are  relativistic,  and  their  velocity  is  nearly  the  speed  of 
lighti. 

Low  energy  electrons  are  emitted  by  many  solar  flares 
(even  small  ones),  and  there  is  a  very  good  correlation 
between  Type  111  radio  bursts  and  the  measurement  of  low 
energy  solar  electrons  for  “favorably"  located  solar  flares. 


Tabic  6-7.  .'.verage  abundances  relative  to  oxygen  of  energetic  particle  popiil-jlions  in  the  inicrplanelary  medium. 


Element 

Solar  Flare  Particle  Events 

Corotating 

Particle  Streams 
(l-IO  MeV) 

Solar  Material 

Normal 
(1-20  MeV) 

Iron-Rich 

(1-5 

MeV) 

Corona 

Photosphere 

H 

4600 

.300 

2800 

1780 

1445  . 

He 

70 

40 

.170 

150 

91* 

Li 

-00005 

-1.4  •  10  ^ 

Be 

<0.0007 

-2  •  10  " 

B 

<0.(X)07 

<1.8  •  10" 

C 

0..S4 

0.23 

1.05 

10 

0.6 

N 

0.13 

0.2 

0.126 

O 

=  1 

=  1 

=  1 

=  1 

=  1 

F 

<0.002 

Ne 

0.16 

0..39 

0.2 

0.063 

0.054 

Na 

0.016 

0.005 

0.0028 

Mg 

0.18 

0..54 

0.13 

0.079 

0.050 

Al 

0.016 

0.005 

0.0048 

.Si 

0.13 

0.44 

0.087 

0.079 

0.065 

P 

<0.002 

,  0.0(X)5 

0.0005 

S 

0.026 

0.33 

0.06 

0.0251 

0.023 

Ar 

~0  (X)4 

0.01 

0.0015 

Ca 

0.012 

0.0045 

0.0032 

Fc 

0.15  ■ 

1.3 

0.095 

0.093 

0.05 

Dai..  T  !l‘>7i)l. 

*Nole:  fhe  phoio-phcrc  He  ahund.ince  ts  not  accurately  itK-asured  and  there  is  a  large  variance  between  the  results  of  diffea-nt  measurement  mc'lh.Hls 
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The  frequency  of  the  low  energy  solar  electron  events  is 
highly  correlated  with  solar  flare  frequency  throughout  the 
solar  sunspot  cycle.  The  location  of  the  solar  flare  is  im- 
p.>rrant  since  low  energy  solar  electron  event  detection  at 
the  earth  is  generally  limited  to  heliolongitudes  within  ±  90° 
of  a  position  about  50°  West  heliographic  longitude. 

High  energy  solar  electron  events  have  a  distinctly  dif¬ 
ferent  time  profile  from  the  low  energy  solar  electron  events. 
The  high  energy  solar  electron  event  profile  is  similar  to  the 
time-intensity  profile  of  the  90  to  100  MeV  protons.  The 
high  energy  solar  electrons  characteristically  arrive  at  1  AU 
after  the  observation  of  the  low  energy  solar  electrons  emit¬ 
ted  from  the  same  flare.  See  Simnett  |1974|  for  a  detailed 
study  of  this  phenomena. 

There  is  a  special  class  of  solar  electron  events  called 
"scatter  free"  events.  These  events  are  very  impulsive,  with 
short  interplanetary  propagation  times,  and  short  ri<e  and 
decay  times.  The  data  indicate  that  the  solar  electrons  in 
these  events  undergo  very  little  scattering  in  the  interpla¬ 
netary  medium  between  the  sun  and  the  earth.  The  .scatter 
free  events  have  an  upper  energy  limit  of  about  1  MeV.  and 
detection  at  the  earth  is  restricted  to  a  relatively  narrow  solar 
flare  source  region  about  ±  30°  from  the  Archimedean  spiral 
path  from  the  sun  to  the  earth.  .See  Section  6.3.4  for  a 
discussion  of  the  most  favorable  propagation  path  between 
the  sun  and  the  earth. 

6.3.3  Elemental  Composition  of  Solar 
Particle  Events 

'  Average  values  of  the  elemental  abundances  of  S'  1 
MeV/nucleon  solar  particles  in  relatively  large  solar  flare 
events  (peak  intensities  exceeding  ~  1(X)  protons  cm  ’s'' 
sr'MeV*')  with  a  “normal"  composition  are  given  in  Table 
6-7  and  shown  in  Figure  6-28  as  solid  bars,  open  rectangles 
(element  groups)  and  solid  triangles  (upper  limits).  The 
abundances  relative  to  oxygen  of  the  individual  elements  or 
element  groups  are  derived  from  a  number  of  individual 
flare  particle  events.  There  is  signifiant  variability  in  the 
composition  of  n<’rmal  flare  particle  events,  not  only  from 
one  event  to  the  next  but  sometimes  during  a  given  event. 
The  vertical  extent  of  the  solid  bars  and  open  rectangles 
indicates  the  degree  of  variability  in  the  elemental  com¬ 
position.  For  the  large  events,  variations  in  the  abundances 
from  flare  to  flare,  and  with  time  during  single  flares,  give 
no  indication  that  physical  mechanisms  preferentially  ac¬ 
celerate  any  particular  species  over  the  energy  range  of 
observations.  Systematic  changes  in  the  elemental  comp»>- 
.silion  have  been  observed  during  individual  solar  particle 
events  and  -n  successive  flares  from  the  same  active  region. 
In  addition  to  the  velocity  dispersion  there  is  a  charge-to- 
mass  dependent  dispersion  in  the  time-to-maximum  for  ele¬ 
ments  having  equal  vek'cities. 

Despite  these  variabilities  the  basic  composition  of  solar 
flare,  particles  is  similar  to  the  composition  of  the  solar 


Figure  6-28,  Abundances  of  elements  and  elemoni  groups  normalired  to 
oxygen  in  the  solar  corona  (tilled  circlesl.  solar  atmosphere 
or  photosphere  tstars)  and  in  solar  flare  panicle  events  The 
abundances  for  relatively  large  (peak  intensities  “>  -  100  prtv 
tons  cm’ s"'  sr'  MeV  ' )  flare  panicle  events  with  a  normal 
composition  are  indicated  by  solid  venical  bars,  solid  tri¬ 
angles  (upper  limits),  open  squares  (single  measurement  with 
error  bars)  and  open  rectangles  (element  groups).  The  com¬ 
position  for  ''Fe"-rich  (also  'He-rich)  vilar  flare  particle  events 
is  indicated  by  cross  hatched  bars  and  rectangles  and  is  based 
on  abundance  measuremen's  in  the  I  to  4.6  MeV  nucleon 
range  The  vertical  extent  of  the  bars  for  H.  He.  C,  N.  Ne. 
Mg.  Si.  S-Ca.  and  Fe  in  both  the  normal  and  Fe-rich  events 
indicates  the  degree  of  variability  in  the  compositton  between 
different  solar  flare  particle  events  [Gloeckler.  lUTOI 


conrna  and  photosphere  whose  abundances  are  also  given 
in  Table  6-7.  There  is  overall  agreement  in  the  abundances 
of  He.  C.  N.  and  S  through  Fe:  the  elements  Li,  Be.  B.  F. 
and  P  are  rare,  and  the  odd  Z  (Z  is  the  atomic  number) 
elements  N,  F,  Na.  Al.  and  P  are  far  less  abundant  than 
their  even  7.  neighbors.  The  energetic  solar  particle  com- 
posit.on  seems  to  he  consistently  enriched  in  the  elements 
Ne  to  Si.  and  the  solar  flare  C  O  ratio  although  consistent 
with  the  solar  photosphcric  abundance,  is  lower  than  the 
currently  acceptable  coronal  abundance  values.  At  this  lime 
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little  is  known  about  elements  heavier  than  Fe  except  that 
their  abundances  are  very  low. 

The  elemental  composition  of  the  solar  particle  flux  is 
basically  similar  for  small,  medium  and  large  events;  there 
is.  however,  a  tendency  for  the  He/0  ratio  to  be  somewhat 
larger  (—  70  to  90)  for  the  small  and  medium  events  than 
the  corresponding  ratio  for  the  large  solar  particle  events 
IGloeckler.  19791. 

Our  know  ledge  of  the  isotropic  composition  of  solar  flare 
particles  is  at  this  time  rather  limited  and  generally  confined 
to  the  lighter  elements  Typical  values  of  the  H  and  He 
isotropic  ratios  in  the  energs'  range  of  ~  1  to  10  MeV/ 
nucleon  averaged  over  a  number  of  scalar  flare  particle  events 
are  ’H  'H  =  7(  +  10.  -6)  •  10  \  'H/'H  ~  3  •  10  ^  and 
'H  ■‘H  ~  (9  i  4)  •  10  '.  The  isotropic  abundances  of  solar 
flare  Ne  in  the  energy  range  from  1 1  to  60  MeV  nucleon 
have  recently  been  reported  to  be  '"Nc'-'Ne  =  7.6  ±  2. 
This  value  is  distinctly  lower  than  the  comparable  and  well 
established  solar  wind  ratio  ,  of  13.1  ±0.6.  The  low 
abundances  of  the  carbon,  oxygen,  and  neon  isotopes 
,1'C  C  -  10  \  '\>0  <  3  •  10  '.  '"O  O  -  2  •  10  -'Ne/ 

Ne  <  10  ’)  mdicate  that  element  production  by  nuclear 
spallation  reactions  in  the  solar  atmosphere  is  not  significant. 

6.3.3. 1  Charged  States  of  Solar  Particles.  Direct  and 
indirect  determinations  of  the  ionisation  states  of  solar  par¬ 
ticles  indicate  incomplete  stripping  of  the  heavy  ions  over 
an  extended  energy  range  up  ;a  at  least  '  5-10  MeV/nu- 
cleon,  At  high  energies  ( sr  10  MeV  nucleon),  the  ionic  com-' 
pt'tK'nt  of  solar  particle  events  seems  to  U'  completely  stripped 
of  electritns.  Direct  measurements  have  shown  that,  in  gen¬ 
eral.  the  charge  states  of  C.  ()  and  Fe  below  1  Mev/charge 
in  energetic  solar  particle  events  are  (a)  consistent  with  the 
ionisation  states  of  these  elements  in  the  solar  wind  (charge 
states  of  6.  6  and  12  for  C.  O  and  Fe  respectively),  (b)  do 
not  vary  substantialK  from  event  to  event,  and  tc)  remain 
constant  over  the  energy  range  ('f  the  measurefiienls  of  ~  .SO 
to  1000  kc\'  charge.  .A  number  of  indirect  determinations 
of  charge  states  of  Fe  at  higher  energies  (~  I  to  10  MeV 
nucleon)  alst>  indicate  partial  ionisation 

6.3.3.2  Corotating  Knergetic  Particle  .Streams.  Coro- 
tafing  energetic  particle  events  arc  nuHicst  increases  in  the 
intensity  of  protons  and  o  -particles  in  the  range  of  <  I  to 
-  20  Mc\  nucleon,  that  piTsisi  foi  three  to  six  days  and 
often  reappear  a  number  of  times  at  2'7-day  intervals 
These  corotating  or  27-dav  recurrent  increases  arc  not  as- 
siviatcd  with  solar  flares  and  uo  not  exhibit  the  velocity 
dispersion  often  obseiv  cd  at  the  onset  of  solar  flare  particle 
events  but  arc  correl.ilcil  w  ith  high-speed  solar  w  ind  streams 
and  inleiplanetary  magnetic  held  stniclures  corotating  with 
the  sun  Mc.isiirements  of  radial  gradients  and  particle  an¬ 
isotropies  in  corot.iting  events  eomhined  with  the  temporal- 
spatial  correlations  observed  at  4  to  5  .Al'  between  the 
'  I  Mc\  nucleon  ei'rotating  particles  and  the  magnetic  field 


and  plasma  turbulence  in  the  corotating  interaction  region 
(CIR)  provide  evidence  for  the  continuous  acceleration  of 
particles  in  the  interplanetary  medium  between  —  2  and  5 
AU.  The  acceleration  mechanisms  proposed  most  frequently 
include  both  statistical  prtKCsses  resulting  from  magnetic 
and  plasma  turbulences  that  are  generated  when  high  and 
low  speed  solar  wind  streams  collide  in  the  corotating  in¬ 
teraction  region,  and  acceleration  at  the  forward  and  reverse 
shcKks  which  fxiund  the  corotating  interaction  region. 

Of  the  possible  sources  for  the  corotating  energetic  par¬ 
ticles,  the  most  likely  candidates  are  either  the  high-energy 
tail  of  the  solar  wind  or  a  possible  but  so  far  undetected, 
low  energy(<  200  keV/nucleon)  residual  particle  popula¬ 
tion.  presumably  of  solar  origin.  . 


6.3.4  Prediction  of  Solar  Proton  Events 

The  capability  to  predict  a  phenomenon  such  as  a  solar 
proton  event  illustrates  our  understanding  of  the  prix’esses 
controlling  such  a  phenomenon.  Solar  protons  are  accel¬ 
erated  in  solar  active  regions  during  solar  flare  events.  The 
x-ray.  radio  and  optical  emissions  during  the  solar  flare  event 
are  the  indicators  that  particle  acceleration  is  occurring.  The 
"U-shaped"  spectral  signature  in  the  radio  emission  peak 
power  spectrum  (Castclli  et  al..  1967;  Castelli  and  Guidice. 
I976|  can  be  interpreted  as  the  indicator  that  solar  protons 
are  being  released  from  the  solar  active  region  (sec  Chapter 
1 1 ).  After  the  energetic  particles  are  released  from  the  ac¬ 
celerating  region,  they  will  travel  through  the  solar  corona 
and  some  will  propagate  outwards  along  the  interplanetary 
magnetic  field  lines  to  the  position  of  the  earth.  A  co.ni- 
puterized  code  to  predict  solar  proton  intensities  at  the  earth 
after  the  iKcurrence  of  a  speciiic  solar  flare  has  been  de¬ 
velop’d  by  Smart  and  Shea  1 1979). 

6.3.4. 1  Propagation  of  Solar  Particles.  The  propaga¬ 
tion  of  solar  protons  from  the  flare  site  to  the  earth  can  bo 
separated  into  two  distinct  phases.  The  first  phase  is  dif¬ 
fusion  fropi  the  flare  site  through  the  solar  corona  to  the 
"I'vxvt"  i>f  the  .Archimeilcan  sprial  path  formed  by  the  inter¬ 
planetary'  magnetic  field  line  between  the  sun  and  the  earth. 
The  secor.'d  phase  is  the  propag.ition  in  the  interplanetary 
medium  fiom  the  sun  to  the  earth  along  the  interplanetary 
magnetic  field  lines.  Figure  6  29  provides  an  illustration  of 
the  propagation  concepts. 

/V(i/i(/e<itioii  in  itu-  Solar  Corona.  '1'hc  angular  distar-.o 
the  solar  particles  travel  in  the  solar  corona  from  the  pre¬ 
sumed  source  llh.it  is.  the  solar  flare  site)  to  the  fiHii  of  the 
.Archimedean  spiral  path  from  the  sun  to  the  earth  is  des¬ 
ignated  by  the  symbol  (t  in  Figure  (v-29  In  a  hcliographic 
cooid'natc  system  the  solar  flare  will  have  coordinates  ile- 
fined  as  solar  latitude  X,  and  heliiKentrie  longitude  i!)|.' 
where  <t)|  is  positive  west  of  ecntr.il  meridian,  and  il),  is 
negative  ea .!  of  eentral  meridian.  If  the  '  fovit  "  ol  the  .Ar- 
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Figure  6-29.  Illustrjhon  of  (he  concept  ol  solar  particle  propagation  fri>m 
the  sun  to  the  earth  The  coronal  propagation  iltsiancc  B  is 
illustrated  hy  the  heas  y  arc  on  the  sun  Interplanetary  pn>p* 
agiition  pr»K'eeds  along  the  ArchmKdcan  spiral  path  from 
the  ^un  to  the  catih 

chimedean  spiral  is  at  heliwentrie  longitude  6.\.  then  the 
heIkKentric  longitudinal  distance  from  the  flate  site  to  the 
“f(x)t"  of  the  Archimedean  spiral  will  be  |<l>  v  -  <J>i  |.  It  is 
assumed  that  coronal  propagation  is  a  function  of  #.  and 
from  diffusion  theors  .  it  is  expected  to  be  proportional  to 
0-  [Wibberenz.  IS)74|. 

Asi  a  result  of  diUusion  in  the  .'olar  corona  and  the 
inherent  assumption  that  some  sUK'hastic  pn>cesses  are  op- 
erafng,  there  will  be  a  solar  particle  gradient  existing  in  the 
solar  corona  such  that  the  proton  intensits  deceases  as  a 
function  of  distance  from  the  flare  site.  The  obserxational 
evidence  shows  that  the  gradient  may  vary  from  case  to 
case.  An  observer  at  one  astronomical  unit  w  ho'  is  connected 
via  the  interplanetary  magnetic  field  to  the  heliographic  po¬ 
sition  of  the  flaring  region  would  observe  the  maximum 
possible  panicle  intensity.  An  observer  whose  intcrplanctarv 
magnetic  field  connection  is  at  a  distance  of  It  from  the 
flaring  fixation  would  observe  a  reduced  intcnsiiv  Obser¬ 
vational  data  suggest  an  average  gradient  mav  be  uKitit  one 
order  of  magnitude  per  radian  of  hcluxcntric  distance. 

Propagutum  in  the  Inlerplanrinry  Mi’diiim.  .After  the 
energetic  solar  particles  propagate  through  the  solar  corona 


RIGIDITY  (MV) 

Figure  6-.T0.  Intciplanctary  mean  frei*  path  X*  a.s  a  function  of  charged 
panicle  rigidity.  Piese  dala  have  been  derived  from  an  anal¬ 
ysis  of  many  «)lar  particle  evenl.s.  The  shaded  areas  indicate 
the  range  of  "scatter  free"  (uppe-  region)  and  "normal"  (lower 
region)  propagation  in  the  interplanetary  medium. 

and  are  released  into  the  interplanetary  medium,  they  prop¬ 
agate  along  the  interplanetary  magnetic  field  lines.  (See 
Chapter  3  for  a  detailed  description  of  the  solar  wind.) 

The  spiral  structure  of  the  interplanetary  magnetic  field 
shown  in  Figure  6-29  is  highly  idealized.  On  a  microscale 
there  are  many  irregularities  in  the  interplanetary  medium. 
The  energetic  solar  particles  propagating  through  the  inter¬ 
planetary  medium  will  undergo  random  scattering  and  the 
same  general  theory  described  in  Section  6.2.2. 1  applies. 
The  mean  free  path  betweiin  scattering  centers  is  quite  vari¬ 
able.  depending  on  Innh  the  particle  energy  and  the  amount 
of  turbulance  in  the  interplanetary  medium.  A  summary  of 
the  general  range  of  mean  free  paths  determined  from  a 
number  of  co•^r  norticle  events  is  illu.stated  in  Figure  6-30. 

During  the  sun  to  earth  phase  of  theit  propagation,  the 
MeV  solar  particles  appear  to  have  an  average  mean  free 
path  length  of  the  order  of  0.1  to  0.3  AU;  consequently, 
over  the  1  AU  radial  distance,  diffusion  perpendicular  to 
the  interplanetary  magnetic  field  line  is  negligible.  The  en¬ 
ergetic  particles  travel  essentially  along  the  interplanetarv 
magnetic  field  lines  w  ith  a  veKx  ity  that  is  a  function  of  the 
particle  energy.  The  minimum  propagation  delay  will  be  for 
particles  that  essentially  travel  along  the  interplanetary  mag¬ 
netic  field  lines  with  miminal  scattering,  so  for  "scatter  free" 
onsets  the  propagation  time  from  the  sun  to  the  earth  will 
be  the  distance  traveled  along  the  Archimedean  spiral  path 
divided  hy  the  particle  veltxity 

.Some  scattering  certainly  ix'curs  in  the  inteiplanetary 
medium,  and  to  determine  the  time  of  maximum  intensity, 
diffusion  theory  is  applicable  .Almost  all  theories  involving 
solar  particle  transport  in  the  interplanetary  medium  show 
that  the  time  of  maximum  is  pn'portional  to  the  square  i>f 
the  distance  traveled.  The  distance  travelled  can  be  I'btained 
by  integrating  abng  the  Archimedean  .spiral  path.  Normal¬ 
ized  to  the  earth's  orbit  at  I  A  I',  in  a  heliographic  coordinate 
system,  the  Archimedean  spiral  path  length.  D.  is 
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D  =  1/2|^V^?T7  + 

<Pa  J 

.where  <J)a  is  the  hetiographic  longitude  of  the  “foot  point” 
where  the  Archi-nedean  spiral  path  to  the  earth  connects  to 
the  sun.  If  the  solar  wind  plasma  carries  “frozen  in"  mag¬ 
netic  fields,  then  the  heliographic  longitude  of  the  “foot 
point"  of  the  interplanetary  magnetic  field  line  that  extends 

,fiom  the  sun  to  the  earth  is  given  by  <1)a  =  (to^r)/V^».  where 

u).  is  the  solar  symxJic  rotation  rate  ( degrees/day).  r  is 
I  AU.  and  V..,  is, the  vehKity  of  the  solar  wind  in  km/s  at 
the  earth.  If  the  Archimedean  spiral  equation  in  the  polar 
form  is  normalized  to  I  AU,  then  4)^  =  404/V,»  where 
•MM  is  the  nominal  solar  wind  vehKity  when  the  solar  ro¬ 
tation  is  equal  to  one  radian  during  the  time  it  takes  the 
plasma  element  to  travel  I  AU. 

The  vehKity  of  a  proton  is  given  by 


where  E  is  the  kinetic  energy  of  the  particle  in  MeV.  3 
is  the  vehKity  of  the  particle  compared  with  the  vehKity  of 
light,  and  the  rest  energy  of  the  proton  m„c-  has  the  value 
of  9.18  2.^2  .MeV.  (Note:  3  =  V  c.) 

The  minimum  time  in  hours  required  for  a  proton  to 
propagate  along  the  Archimedean  spiral  path  fnim  the  sun 
to  the  earth  w  ith  zero  pitch  anule  and  no  scattering  is  0. 1.1,1 

D3 

6.3.4.2  Particle  Increase  Onset  Time.  Th-e  delay  time 
from  the  -adar  tiare  until  the  onset  of  the  particle  increase 
at  the  earth  is  the  combination  of  the  coronal  propagation 
lime  and  the  lime  for  the  particles  to  propagate  from  the 
sun  to  the  earth  along  the  interplanetary  magnetic  field  lines. 

The  distribution  of  onset  limes  expected  for  .10  .MeV 
protons  for  nominal  solar  w  ind  speeds  is  show  n  in  Figure 
6-11.  In  this  figure  the  heavy  solid  line  has  the  functional 
form  of  4H-;  the  data  points  show  n  on  the  figure  are  taken 
from  Barouch  el  al.  (19711  and  indicate  typical  variations 
that  may  he  expected.  The  minimum  in  the  figure  corre¬ 
sponds  to  a  flare  al  the  heliographic  longitude  of  the  "f(H)t 
point"  of  the  nominal  .Archimedean  spiral  path  between  the 
sun  and  the  earth  (,^7  2'  West  of  centrarmeridian).  The 
initial  onset  will  be  for  the  fastest  (highest  energy!  proUrns. 
The  onset  lime  is  given  by 


Figure  6- J 1 .  Dislrihulion  of  observed  onset  limes  of  .10  MeV  protons  as 
a  function  of  solar  longitude.  The  data  poims  are  the  meas- 
urernents  of  Barouch  ct  al.  (1971 1  ' 

where  D  is  the  distance  along  the  length  of  the  Archimedean 
spiral  from  the  sun  to  the  earth  and  3  is  the  proton  velocity. 
This  calculation  can  be  repeated  for  each  proton  energy 
(velocity)  desired  to  obtain  the'  velocity  dispersion  of  the 
predicted  onset  times  as  a  function  of  energy. 

6.3.4.3  Time  of  Maximum  Particle  Intensity.  The  dis¬ 
tribution  of  the  lime  of  the  maximum  of  20  to  80  MeV 
protons  observed  at  the  earth  for  a  number  of  proton  events 
(Van  Hollebckc  e*  al..  197.5|  as  a  function  of  solar  longitude 
is  illustrated  in  Figure  6-12  where  the  heavy  solid  line  has 
the  functional  form  of  8flT  The  minimum  in  the  cdrvc  cor¬ 
responds  to  a  flare  at  the  “f(K«  point"  of  the  Archimedean 
spiral  path  be  ween  the  earth  and  the  sun  which  would  be 
about  5". 2°  for  a  nominal  solar  wind  of  404  km/s. 

The  time  of  max-mum  can  be  computed  by  assuming 
the  panicles  have  an  average  bulk  veliKity  that  is  about  half 


T,i  (in  hours) 


0  1 11  D 

H 


40’. 


Figure  h..17.  Oistnhution  o(  tihscncd  nnx-s  of  maximum  of  TO  lo  SO  MeV 
(6.21 !  po'lims  as  a  tiinction  ul  M>lar  luncitudc  The  data  points  are 

Ihc  mcasiiremenis  .if  Van  KiiilelxAe  el  al  |I97S| 
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of  the  particle  speed  that  would  be  computed  from  the  par¬ 
ticle  energy.  Most  theoretical  models  set  the  time  of  max¬ 
imum  proportional  to  the  square  of  the  distance  traveled 
along  the  magnetic  field  line  from  the  sun.  The  time  of 
maxim'’m  intensity  is  computed  by 


O.I33D- 

Tn,  (in  hours)  =  2.0 — —  +  86'. 


(6.22) 


6.3.4.4  Magnitude  of  Maximum  Intensity.  The  maxi¬ 
mum  intensity  is  predicted  by  converting  an  electromagnetic 
emission  parameter  (usually  radio  flux  or  x-ray  flux)  to  a 
proton  flux.  Many  different  algorithms  can  be  u.Sed  but 
currently  the  best  predictors  are  the  relationships  between 
integrated  radio  flux  and  peak  proton  flux.  The  maximum 
particle  intensity  is  expected  to  be  along  the  Archimedean 
.spiral  path  fnim  the  flare.  The  maximum  particle  intensity 
expected  at  the  earth  is  derived  by  attenuating  the  flux  thrxtugli 
the  coronal  gradient  over  the  heliocentric  distance  in  the 
corona  between  the  flare  position  and  the  soiar  equatorial 
longitude  of  the  “fotit  point"  of  the  Archimedean  spiral  path 
from  the  sun  to  the  earth. 

6.3.4..^  Proton  Event  Decay.  The  decaying  portion  of  a 
solar  particle  event  is  normally  exponential  in  character  with 
a  nominal  time  constant  for  the  flux  to  decay  by  a  factor  of 
t/e  although  there  is  a  slight  energy  dependence,  and  there 
can  he  a  large  variability  between  events. 

The  decaying  portion  of  the  event  can  be  m*>deled  after 
the  principles  of  diffusive  particle  transport  in  the  intcrpla- 
netnry  medium.  One  such  methtxl  is  collimated  convection 
(Rtielof.  I973|.  This  results  in  a  I  'e  decay  constant  of 


Tj  (in  hours) 


3D 

4V..(|7|  ^  I )  3600* 


(6  23) 


where  Tj  is  the  I  'e  decay  constant.  D  is  the  distance  along 
the  Archimedean  spiral  path.  V.,,  is  the  solar  wind  vehK'ity. 
and  7  is  the  differential  energy  spectral  exptmenl. 

t  of  (.'orotuil  Gratlieni  on  Apporem  Dtxay  Rah’. 
The  assumption  that  there  is  a  particle  gradient  in  the  cor(>na 
combined  with  the  solar  rotati(>n.  results  m  a  decay  rate  at 
the  earth  that  is  dependent  on  the  st>lar  flare  liKation  After 
■the  particle  flux  maximum,  the  flux  along  the  interptanetarx 
magnetic  field  lines  can  be  considered  as  a  connaling  struc¬ 
ture  being  con'.ccted  out  into  space.  If  the  particle  source 
is  a  flare  on  the  eastern  hemisphere  o*-  near  central  meridian 
of  the  sun.  the  particle  coronal  longitudinal  flux  gradient 
rotates  toward  the  "fixit  point"  of  the  Archimedean  spiral 
from  the  sun  to  the  earth;  thus  the  apparent  decay  rate  will 
be  slower  than  the  radial  convection  rate  out  from  the  sun. 
If  the  particle  source  rotates  away  from  the  ”f<xrt  point."  as 
is  the  case  for  flares  that  iKCur  cm  the  extreme  western 
hemisphere  of  the  sun.  then  the  solar  rotation  and  the  coronal 


particle  longitudinal  gradient  will  combine  to  increase  the 
flux  decay  rate  at  the  earth. 

6.3.4.6  Differential  Energy  Spectra.  The  slope  of  the 
differential  energy  spectrum  of  solar  proton  events  observed 
at  the  earth  is  summarized  by  Van  Hollebeke  et  al.  |1975| 
and  shown  in  Figure  6-33.  Assuming  that  the  hardest  spectra 
(the  minimum  in  the  solia  curve  of  Figure  6-33)  should  be 
along  the  interplanetary  magnetic  field  lines  leading  away 
from  the  flare  site,  the  average  spectral  slope  is  observed 
to  vary  as 

7,  =  -  2.7^  1.0  -h  (6-24) 

6.3.4.7  Prediction  of  Polar  Cap  Absorption.  It  is  pos¬ 
sible  to  convert  p'lCdictcd  proton  flux  to  prediction  of  the 
profile  of  the  riometer  absorption  in  the  polar  ionosphere. 
It  has  been  shown  that  riometer  absorption  is  proportional 
to  the  square  nxxt  of  the  intcrgal  proton  flux  above  some 
specified  energy.  A  convenient  relationship  is  J,  .i,,,  -  1()A% 
where  J,  .lo,  is  the  flux  of  protons  with  energy  greater  then 
10  MeV  and  A  is  the  absorption  in  decibels  for  a  30  Mf’z. 
riometer.  Tbc  relationships  developed  by  Sellers  et  al.  |I977| 
are  simple  equations  that  are  relatively  independent  of  the 
slope  of  the  so'ar  proton  energy  spectrum.  These  authors 
selected  the  integral  proton  flux  greater  than  .S.2  MeV  and 
2:2  MeV  to  be  a  gixxJ  predictor  of  the  riometer  absorption 
in  the  sunlit  polar  ionosphere  and  the  night  time  polar  ion¬ 
osphere  respectively.  These  equations  are 

A  (day)  =  ().6|J,  (6.2.‘5) 

A  (night)  =  ().2.S|J,  (6.26) 


Kipurc  h  '.V  Variation  ot  the  ahM»!uic  value  of  Npcciral  index  >  in  the 
21;  Sti  MeV  ranae  as  a  ^un-tion  t>t  the  helioloniMtiide  The 
dashed  conDnir  lines  ciKlose  ‘*2'»  of  the  normal  *  events 
The  st>lid  line  is  a  least  squares  fit  iliai  van  be  represented 
h\  2.7!  I  •  «2| 
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THE  CHARGING  OF  SPACECRAFT  SURFACES 

H.B.  Garrett 


The  buildup  of  static  charge  on  satellite  surfaces  is  an 
important  issue  in  the  utilization  of  satellite  systems.  The 
analysis  of  this  spacecraft  environmental  interaction  has  re¬ 
quired  important  advances  in  basic  charging  theory  and  the 
development  of  complex  codes  to  evaluate  the  plasma  sheaths 
that  surround  satellites.  The  results  of  these  theories  and 
calculations  have  wide  application  in  space  physics  in  the 
design  of  systems  and  in  the  interpretation  of  low  energy 
plasma  measurements. 

In  this  chapter,  those  aspects'  of  charge  buildup  on  sat¬ 
ellite  surfaces  relevant  to  the  space  physics  community  are 
summarized.  The  types  of  charging  processes,  models  of 
charge  buildup,  satellite  sheath  theories,  and  charging  ob¬ 
servations  are  described  with  emphasis  on  basic  concepts. 

As  many  books  and  monographs  on  specific  aspects  of 
the  charging  of  bodies  in  space  have  appeared  in  the  last 
two  decades,  it  is  difficult  to  cover  all  areas  in  detail  in  a 
chapter  of  this  nature.  Rather,  the  chapter  is  limited  to  the 
charging  of  spacecraft  surfaces  in  the  near-earth  magneto¬ 
sphere.  Rocket  measurements  are  only  briefly  treated.  The 
reader  is  referred  to  books  by  Singer  1 1965],  Grard  |  I973a|, 
Rosen  (I976|,  Pike  and  Lovell  [19771,  and  Finke  and  Pike 
1 1979]  that  contain  papers  on  the  charging  of  natural  bodies 
such  as  the  moon  [Manka.  1973;  Freeman  et  al.,  1973), 
dust  particles  [Feuerbacher  et  al.,  1973]  and  other  planetary 
bodies  [Shawhan  et  al.,  1973).  A  brief  historical  review  of 
spacecraft  charging  is  followed  by  a  discussion  of  obser¬ 
vations.  Following  a  description  of  the  major  charging 
mechanisms,  specific  spacecraft  charging  models  are  ex¬ 
amined  with  emphasis  on  basic  concepts.  A  subslorm  worst 
case  environment  is  included.  The  chapter  concludes  with 
a  discussion  of  spacecraft  charge  mitigation  techniques.  A 
more  detailed  version  of  this  chapter  can  be  found  in  Garrett 
[19811. 


7.1  SPACECRAFT  CHARGING 
HISTORICAL  PERSPECTIVE 

The  historical  roots  of  spacecraft  charging  analysis  can 
be  traced  to  the  early  electn)sfatic  probe  work  of  Langmuir 
[Langmuir.  1924;  .Mott-Smith  and  Langmuir.  I92(>1.  Not 
only  is  the  Langmuir  probe  still  an  important  space  plasma 
instrument,  but  as  will  be  discussed,  much  of  Langmuir's 


analysis  is  applicable  to  current  spacecraft  charging  prob¬ 
lems.  This  is  true  as  in  a  very  real  sense  the  space  vehicle 
itself  can  be  considered  as  a  “floating  probe.”  This  theme, 
of  the  vehicle  as  a  probe,  will  form  the  basis  of  much  of 
this  chapter. 

Probe  theory  has  developed  into  an  important  subfield 
of  plasma  physics  in  its  own  right,  see  review  by  Chen 
[1965).  It  has  only  been  with  the  advent  of  rockets  and 
ultimately  satellites  that  the  charging  of  objects  in  space  has 
become  a  major  separate  area  of  concern.  The  first  period 
of  charging  studies,  in  fact,  was  concerned  with  the  potential 
of  interstellar  dust  grains.  One  of  the  earliest  studies,  that 
of  Jung  [1937|.  found  that  photoemission  and  electron  ac¬ 
cumulation  were  probably  the  dominant  processes  in  inter¬ 
stellar  space.  This  subject  was  extended  and  put  on  a  firm 
physical  footing  by  Spitzer  [1941;  1948),  Spitzer  and  Sav- 
edoff  [1950),  and  others  [Cemuschi,  1947;  Opik,  1956). 
Depending  on  the  assumed  ".sticking",  probability  of  the 
electrons,  the  photoemission  yield,  and  the  ambient  envi¬ 
ronment.  the  estimate  satellite  to  space  potentials  for  these 
early  studies  ranged  between  -3  and  +  10  V. 

With  the  advent  of  rocket-borne  sensors  in  the  early 
1950s,  spacecraft  charging  emerged  as  a  discipline.  Perhaps 
the  first  example  of  a  spacecraft  charging  effect  is  in  a  paper 
by  Johnson  and  Meadows  [  1955).  They  theorized  that  shifts 
in  the  ion  peaks  measured  by  their  RF  mass  sjje  'trometer 
above  124  km  could  be  explained  by  a  negative  rocket 
potential  of  -  20  V.  The  first  treatment  of  the  charging  of 
a  mac  roscopic  object  was  published  the  next  year  by  Lehnert 
[1956)  who  estimated  satellite  to  space  potentials  of  -0.7 
to  -  1.0  V  when  ion  ram  effects  were  included. 

Npt  only  did  1957  see  the  launch  of  Sputnik,  but  it 
ushered  in  a  second  phase  in  spacecraft  charging  studies. 
Gringauz  and  Zelikman  [  1958)  discussed  the  distribution  of 
charge  (or  sheath)  around  a  space  vehicle  in  the  ionosphere 
and  the  influence  of  photoemission  and  satellite  velocity. 
Jastrow  and  Pearse  [1957),  while  neglecting  photoemission 
but  including  ram  effects,  computed  the  drag  on  a  satellite 
caused  by  charged  particles  in  the  ionosphere.  Their  study 
for  the  ionosphere  assumed  Ti;  >  T,  so  that  the  estimated 
potentials  were  between  --  10  V  light)  and  -60  V  (day), 
.values  which  are  too  high  as  Ti;  s  T|  is  the  actual  case 
[Brundin.  1963).  Another  basic  assumption  ot  their  study, 
as  in  the  related  study  of  Chang  and  Smith  [1960),  is  that 
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the  ion  density  is  little  changed  in  the  immediate  vicinity 
of  the  vehicle. 

Zonov  ||d591  and  Bearc  and  Johnson  |I960|  analyited 
the  effects  of  electric  fields  induced  by  the  movement  of  a 
satellite  across  the  earth's  magnetic  field;  these  fields  can 
be  quite  imptmant  for  large  structures.  Beard  and  Johnson 
1 19611  also  discussed  the  effects  of  emitting  charged  par¬ 
ticles  from  a  vehicle  and  the  limitations  on  vehicle  potential 
in  the  ionosphere,  another  issue  which  is  i  till  of  concern 
(see  Section  7,4.1).  In  the  same  pericxl.  the  first  satellite 
potential  measurements  were  made  by  Sputnik  3.  Krassov¬ 
sky  1 1959|  found  a  potential  of  -6.4  V  and  Ti.  =  15  000 
K  at  795  km. 

The  first  review  of  spacecraft  charging  appeared  in  1961 
(Chopra.  1961 1,  Despite  difficulties  with  this  review  (Cho¬ 
pra  predicted  high  p<isitive  potentials  since  the  photoelectron 
Hux  he  assumed  was  iix)  high),  it  can  be  used  as  a  convenient 
marker  for  the  end  of  the  second  phase  of  the  study  of 
spacecraft  charging.  By  1961  most  of  the  elements  of  current 
spacecraft  charging  theory  were  in  place.  Preliminary  ob¬ 
servations  by  rtK-kets  and  satellites  had  confirmed  that  charg¬ 
ing  existed  and.  in  agreement  with  some  '  teorics.  was  on 
the  order  of  a  volt  .typically  negative)  in  tne  ionosphere. 
Photocmission  and  the  ambient  electron  flux  were  recog¬ 
nized  as  dominant  sources  and  v  x  B  effects  had  also  been 
considered.  On  the  negative  side,  secondary  emission  and 
backscattcr  had  not  really  been  adequately  considered 
(Whipple.  I965|.  charged  particle  drag  (which  was  ulti¬ 
mately  shown  to  be  of  less  importance  than  errors  in  the 
neutral  drag  coefficient  (see  reviews  by  Brundin  (196.31  and 
deLecuw  (19671))  was  still  of  primary  concern,  and  self- 
consistent  solutions  of  the  particle  trajectories  and  fields  had 
not  been  carried  out.  Only  monoencrgetic  or  Maxwellian 
distributions  were  being  considered. 

The  new  phase  of  studies  in  spacecraft  charging  actually 
started  somewhat  earlier  than  1961  with  Bernstein  and  Ra- 
binowit/'s  probe  study,  Bernstein  and  Rabinowitz  (19591 
introduced  a  means  of  calculating  particle  trajectories  in  the 
vicinity  of  a  probe  for  the  case  where  collisions  could  be 
ignored.  The  imp<inance  of  their  study  (see  Section  7.4.4) 
was  that  their  method  allowed  a  self-consistent  solution  of 
ihc  time-independent  Vlasov  equation  and  Poisson's  equa¬ 
tion.  Their  work  w  as,  later  adapted  to  spacecraft  by  a  number 
of  investigators,  Davis  and  Harris  |I96,|.  by  a  more  sim- 
plilied  method,  calculated  the  snielding  of  a  rapidly  moving 
sphere  in  the  ionosphere  by  estimating  ion  trajectories  in  a 
fixed  electron  sheath.  Their  results  c»)ncerning  the  distri¬ 
bution  of  ions  in  the  wake,  despite  their  neglecting  the  ion 
thermal  velocity,  are  consistent  with  Kxplorer  8  measure¬ 
ments  reported  in  the  same  vear  (Bourdeau  et  al.,  1961  (. 
'hese  latter  results  are  probably  the  first  accurate  spacecraft 
p<'tential  measurements  between  425  km  and  2,''(X’  km.  The 
ion  current,  which  varied  s,rongly  as  a  function  of  angle 
relative  to  the  satellite  velocity  vector,  was  found  to  agree 
with  Whipple's  1 1450|  theory  (see  Kqutition  (7.23)).  A  sat- 
elli.e  pi'tential  ol  -  0. 1 5  V  was  observed  along  with  v  x  B 
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effects  (~0.14  V).  During  this  period  more  believable  po¬ 
tential  measurements  were  also  reported  for  rocket  probes 
as  exemplified  by  Sagalyn  et  al .  ( 1 963  (  who  found  potentials 
of  -0.4  V  (150  km)  to  -  1.7  V  (450  km). 

In  a  1961  paper.  Kurt  and  Moroz  (19611  predicted  po¬ 
tentials  of  -3.3  to  4  V  outside  the  radiation  belts.  They 
also  predicted  potentials  as  high  as  -  20  kV  in  the  radiation 
belts.  Although  only  crude  estimates,  their  predictions  an¬ 
ticipated  the  -  20  kV  potentials  observed  in  eclipse  on  the 
geosynchronous  ATS  o  satellite  in  the  1970s.  The.se  and 
other  results  were  compared  In  an  excellent  review  of  the 
effects  of  charged  particles  on  a  satellite  by  Brundin  ( 1963|. 
Another  gotxl  review  from  this  period,  in  which  the  validity 
of  various  ionospheric  measurements  were  discussed,  is  that 
of  Bourdeau  (19631.  The  most  complete  works  of  this  pe¬ 
riod,  howeser,  arc  in  the  first  brtok  concerned  with  space¬ 
craft  charging  (Singer.  19651  and  the  thesis  of  Whipple 
(19651.  Whipple's  thesis  brings  together  most  of  the  pre¬ 
ceding  results  in  an  analysis  of  the  roles  that  secondary 
emission,  backscattcr,  photoemission,  and  magnetic  field 
effects  have  in  .spacecraft  charging.  As  such,  it  completes 
the  third  period  of  spacecraft  charge  analysis — a  period  marked 
by  a  realization  of  the  impttrtance  of  spacecraft  charging 
for  plasma  measurements  and  of  the  importance  of  self- 
consisteni  calculations.  Quantitative  measurements  also  be¬ 
came  available  for  the  first  time.  The  period  1965  to  the 
present  has  been  primarily  one  of  refinement  and  extension 
of  these  1961-1965  results  to  higher  altitude  regimes  and 
more  complex  geometric  situations.  It  represents  the  ‘‘fourth 
peritxi"  of  spacecraft  charging  and  is  the  concern  of  this 
chapter. 

7.2  SPACECRAFT  CHARGING 
OBSERVATIONS 


7.2.1  Rocket  Measurements 

Rtxrket  measurements  of  the  ionospheric  plasma  have 
been  routine  since  the  early  1950s.  The  first  observations 
of  spacecraft  potentials  were  probably  the  RF  spectrometer 
mctisurements  on  a  rocket  by  Johnson  and  Meadows  (19551. 
They  made  use  of  the  differences  in  the  energy  shifts  of 
different  ionized  species  to  estimate  a  vehicle  potential  of 
-  20  V  above  120  km.  Sagalyn  et  al.  ( I963I,  employing  2 
spherical  electrostatic  analyzers  mounted  on  a  Thor  rwket. 
found  much  lower  potentials  of  -0.4  V  (150 .km)  to  -  1.7 
V  (450  km).  Their  measurements  are  in  good  agreement 
with  subsequent  satellite  measurements  in  the  same  region. 
Narcisi  et  al.  |I968|  also  found  rtx-ket  potentials  of  about 
-0.5  V  in  the  D  and  K  regions  although  their  results  may- 
have  been  affee'ed  by  the  potential  distribution  near  the 
rocket  (Parker  and  W'hipple.  19701,  As  discussed  by  Parker 
and  Whipple  ( I97()|.  however,  there  are  for  these  and  similar 
satellite  .measurements  diflieulties  in  intei preting  the  results 
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since  the  detailed  particle  trajectories  must  be  considered  in 
determining  the  actual  instrument  resp<)nses.  Further,  as 
■  probably  happened  to  Johnson  and  Meadows  1 19.55 1,  the 
electric  lields  near  the  nK'kets  may  be  perturbed  by  cxp<ised 
potential  surfaces.  See.  for  example,  the  results  of  th?  recent 
"tethered  payload"  experiment  of  Williamson  et  al.  1 1980|. 
in  which  a  p»itential  of  +  10  V  on  the  main  payload  induced 
a  potential  of  -  5  V  on  the  secondary  payload  40  m  away. 

Olsen  1 1980]  (see  also  Winckler  1 1980|)  has  described 
potential  measurements  from  a  number  of  riKket  beam  ex¬ 
periments.  Jhese  ranged  from  the  Aerobee  ♦light  |Hess, 
19691  through  the  Kcho  series  | Hendrickson.  1972;  Winck- 
Icr.  I976|  down  to  the  recent  AR  AKS  (Cambou  ,et  al.. 
iv78|.  Precede,  and  Kxcede  (O'Neil  et  al..  1978a,  and  b|. 
Although  extensive  literature  exists  on  many  of  these  flights, 
the  ma  jority  is  concerned  with  the  beam  aspects.  Potentials, 
when  observed,  were  typically  a  few  tens  of  volts  positive 
or  negative  relative  to  the  ambient  plasma  (Jacobsen  and 
Maynard  |I980|.  however,  have  reported  potentials  of 
hundreds  of  volts  on  the  POLAR  5  r<Kket  experiment).  As 
an  example,  voltages  of  +4  V  (108  km)  to  +28  V  (122 
km)  were  observed  by  Precede  (electron  beam  voltage:  —2.5 
kV;  current:  -0.  8A  O'Neil  et  al..  |  I978al). 

An  exception  to  the  OKket  beam  Mights  Just  mentioned 
was  the  "Spacecraft  Charging  Sounding  Rocket  Payload" 
(Cohen  et  al..  1979;  Mizera  et  al.,  1979|.  This  flight  tested 
prototypes  of  the  p<isitivc  and  negative  charge  ejection  sys¬ 
tems.  the  transient  pulse  monitor,  and  the  riKket  surface 
potential  monitor  subsequently  Mown  on  the  P78-2  .SCA- 
THA  satellite.  Additionally,  a  thermal  emissive  probe,  a 
bip<ilar-intersegment  voltmeter,  and  a  retarding  potential 
analyzer  were'also  Mown.  The  nnneuttalized  beams  repeat¬ 
edly  varied  the  nx'ket  ground  potential  between  -600  V 
and  +  100  V  (Figure  7-1,  Cohen  et  al.  (I979|).  Potentials 
as  high  as  +  I  l(K)  V  were  observed  on  conducting  surfaces 
and  +400  V  on  insulators  (Mizera  et  al..  1979|  relative  to 
spacecraft  ground.  The  variations  in  the  vehicle  to  space 
potential  correlated  well  with  the  ambient  plasma  density. 

7.2.2  Satelilif  Measurements 

.Satellite  measurements  at  low  ea}th  orbit  have  been  made 
primarily  by  retarding  potential  analyzers  and  similar  current 
collection  probes.  The  earliest  satellite  observations  of 
spacecraft  charging  were  by  the  ion  trap  experiment  on 
Sputnik  .5  which  measured  potentials  in  the  -2  V  -7 
V  range  (Krassovvky.  19591.  however.  Whipple  |i9.59|  es¬ 
timated  -  3  9  V  As  has  been  discussed,  the  first  well  dtK- 
unicnted  measurements  of  satellite  potential  at  low  altitudes 
were  by  the  Lxplorer  8  where  potentials  of  -0. 15  V  were 
observed  between  425  and  23(X)  km  (Bi’iirdeau  et  al..  1961  (, 
Such  low  negative  values  are  tvpical  of  this  region;  Reddy 
et  al.  ( I967|.  -  0.5  at  640  km  on  TIROS  7;  Samir  ( 1973|. 
-0.71  V  to  -0.91  V  between  600  .,nd  9(X)  km  (Explorer 
31);  Gotdan  et  il.  (I973|.  -0.7  V  between  4(X)  and  6.50 
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Hgurc  7-1  Vehielc-lD-ambicnl  potential  difference  and  cicetnm  density 
(nuHleledl  as  a  function  of  altitude  (Cohen  et  al..  I979|. 

km  (OCO  4);  Sagalyn  and  Burke  (19771.  -  L5  V  to  4  V 
in  the  plasma  trough  and  -0.5  to  -  I  V  in  the  polar  cap 
at2.5(X)km(INJUN.5):  andSamiretal.  (1979  a.  b|.  -OH 
to  —  1 .3  between  275  to  6(X)  km  (AE-C).  The  highest  values 
observed  at  low  altitudes  were  by  Hanson  et  al.  ( 1964;  19701 
who  estimated  txiientials  of  -6  V  at  240  km  to  -  16  V  at 
540  km  and  Knudsen  and  Sharp  ( 19671  '''ho  recorded  -  15 
V  at  516  km.  Even  higher  values  of  -40  V  were  observed 
by  Sagalyn  and  Burke  (19771  2.500  km  pn  INJUN  5. 

These  latter  values  are  probably  vali  J  as  they  were  observed 
in  the  auroral  zone  during  impulsive  precipitation  events 
and  at  night.  Although  most  of  these  results  were  for  eclipse 
conditions,  there  was  no  unambiguous  effect  due  to  pho- 
tix’lectrons  at  these  altitudes  (this  is  not  true  for  higher 
altitudes). 

Higher  voltage  variations,  particularly  in  sunlight,  are 
seen  in  the  plasmasphcre  proper  at  altitudes  above  2500  km. 
On  OGO  5.  Nt'rman  and  Freeman  !  I97.4|  found  pot-'ntials 
of  -7  to  -  If)  V  at  l.l  R| .  Between  2  to  6  R, .  as  the 
satellite  crossed  the  plasmapause.  the  voltage  varied  from 
-5  to  +5  V;  At  8  R,  the  potential  reached  +  20  V  (note 
that  in  eclipse  the  potential  fell  below  —3.5  V).  Ahmed 
and  .Sagalyn  1 1972|.  employing  spherical  electrostatic  ana¬ 
lyzers  on  OGO  I,  calculated  potentials  of  —3  to  -6  V 
beyond  the  plasmapause  and  -  1 1  to  -  8  V  in  the  plas- 
masphere.  On  the  same  satellite.  Taylor  et  al.  |T965|,  em¬ 
ploying  an  RF  spectrometer,  estimated  —  15  V  at  Tjw  al¬ 
titudes'!  I.5(XT  27(X)  km)  to  — t)  V  a;  .30  (XX)  km.  As  discussed, 
however,  this  potential  variatio..  nay  have  resulted  frttm 
the  interaction  of  the  exposed  positive  electrodes  on  the 
spacecraft  solar  cells  with  the  environment.  Whipple  et  al. 
11974]  reported  potentials  between  0  and  -5.4  V  in  the 
plasmasphere  on  OGO  .3  in  sunlight.  Montgomery  et  al. 
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1 19731  observeH  p<itentials  of  +  100  V  in  the  high  latitude 
magnetotail  at  18,5  R,  on  Vela  6.  (As  there  were  appa'^ntly 
no  ton  measurements  at  the  time  of  these  estimates,  there 
may  be  some  uncertainty  in  the  method  used  as  a  result  of 
possible  differentia!  charging  (see  Whipple.  1976b,  orGrard 
et  al..  1977].)  During  eclipse  in  the  same  region,  they  es¬ 
timated  the  potential  to  be  +  15  V. 

As  the  satellite  potential  in  eclipse  is  proprirtional  to  the 
electron  temperaiure,  it  is  not  surprising  that  the  most  spec¬ 
tacular  potential  variations  have  been  for  geosynchronous 


satellites  in  the  plasmasheet  (Tf  ~  10  keV).  The  best  doc¬ 
umented  and  most  extensive  set  of  such  observations  come 
from  the  University  of  California  at  San  Diego  (UCSD) 
particle  experiments  on  the  geosynchronous  satellites  ATS 
5  and  ATS  6.  The  large  poientials  observed  by  these  sat¬ 
ellites  were  first  reported  and  explained  by  DeForest  ( 1972; 
1973],  and  provided  a  major  impetus  to  the  discipline  of 
spacecraft  charging.  A  typical  example  of  a  -  10  000  V 
eclipse  charging  event  in  spectrogram  format  for  day  59, 
1976,  for  ATS  6  is  presented  in  Figure  7-2a.  In  this  type 
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Figure  7-2b.  Electmn  «nd  K)n  iliMrihutiiin  funtli<>n<.  vcn.u%  energy  fw  day 
5'i.  IV7ft  (r)a>hed  line>.  represent  the  spectra  hefiire  and 
after  eclipse:  v«lid  lines  represent  eclipse  spectra.) 


of  plot  IDcForcst  and  Mcliwain.  1971 1  the  Y  axis  is  particle 
encrey.  the  X  axis  is  time,  and  the  Z  axis  (shading)  is  particle 
count  rates.  The  figure  is  interpreted  as  follows.  When  the 
satellite  entered  eclipse  (—2140  UT).  the  photoelectron  flux 
went  to  zero  shifting  the  already  ( l(X)  V)  negative  potential 
even  more  negative.  This  negative  satellite  potential  ac¬ 
celerated  the  positive  ions  as  they  approached  the  salcll'  e. 
adding  energy  qV.  to  each  particle,  z^ro  energy  positive 
ions  thus  appear  xs  a  bright  band  between  2140  and  22(X) 
UT  at  an  energy  ( 10  keV)  equal  to  q  times  the  potential  V... 
Electrons,  in  contrast,  were  decelerated  giving  the  dropout 
in  the  electron  spectra  between  2140  and  2200  UT.  The 
spectra  for  before  and  after  eclipse  are  presented  in  Figure 
7:2b  demonstrating  this  lO  keV  shift.  Potentials  as  high  as 
-2000  V  (Reasoneret  al..  I976|  in  sunlight  and  -20  000 
V  in  eclipse  have  been  observed  on  ATS  6  (S.E.  DeForest, 
1978.  private  communication!. 

Another  effect  of  potential  variations,  differential  charg¬ 
ing.  is  also  visible  in  the  ATS  5  an.7  ATS  6  spectrograms. 
In  Figure  7-3.  a  spectrogram  from  da^'  334,  1%9.  for  ATS 
5  is  presented  for  the  detector  looking  parallel  to  the  satellite 
spin  axis.  Between  OStX)  and  I  l(X)  UT  a  feathered  pattern 
is  visible  in  the  i*)ns  and  a  dri  ptiut  in  (he  electrons  below 
750  eV  is  observed.  These  patterns  are  not  visible  in  the 
detectors  looking  perpendicular  to  the  satellite  spin  axis. 
The  explanation  (DeForest,  1972;  I973j  is  that  a  satellite 
surface  near  the  detectors  has  become  differentially  charged 
relative  tip  the  detectors  resulting  in  a  preferential  fiKusing 
of  the  ion  fluxes  and  a  deficiency  in  the  electron  fluxes  to 
the  parallel  detectors. 

The  frequency  of  txrcurrcnce  of  the  ATS  5  and  ATS  6 
charging  events  in  eclipse  are  presented  in  Figure  7-4  (Gar¬ 
rett  et  al.,  1978!.  The  daylight  charging  events  On  ATS  6 
have  been  found  by  Reasoneret  al.  ( I97f)(  (see  also  Johnson 
et  al.  (19781)  be  anticorrelatcd  with  encounters  with  the 
plasmapause.  The  level  of  charging  has.  however,  been 
found  to  correlate  with  Kp  (Figure  7-5).  To  be  discussed 


later  are  the  ATS  5  and  ATS  6  beam  experiments  (Goldstein 
and  DeForest,  1976;  .>lsen.  1980;  and  Purvis  and  Bartlett. 
19801.  These  studies  presented  evidence  that  while  electron 
emission  reduced  satellite  charging,  ni’utral  plasma  emission 
was  necesssary  to  achieve  zero  satellite  to  space  potentials. 

Limited  observations  are  availiable  in  the  solar  wind  and 
in  the  vicinity  of  the  other  planets.  The  Vela  satellites  typ¬ 
ically  experienced  potentials  of  -F  3  to  -I-  5  V  in  the  solar 
wind  [Montgomery  et  al.,  19731.  Whipple  and  Parker  ( I969al 
computed  [wtentials  of  '+  2.2  V  and  +  10  V  for  (XjO  I  and 
IMP  2.  respectively,  in  the  solar  wind.  The  Voyager  space¬ 
craft  observed  f)otentials  of  -I- 1  V  to  -I- 10  V  (Scudder  et 
al..  19811.  Although  preliminary,  similar  potentials  were 
apparently  measured  by  the  Voyager  in  Jupiter’s  outer  mag¬ 
netosphere  while  slightly  negative  potentials  occurred  inside 
the  denser,  cixvler  regions  of  lo’s  plasma  torus  (Scudder  et 
al..  1,981;  see  also  comments  in  Grard  et  al..  I977(. 

The  most  complete  spacecraft  charging  measurements 
are  those  being  made  currently  by  the  P78-2  SCATHA  sat¬ 
ellite  (Figure  7-6).  P78-2  SCATHA  was  launched  in  January 
of  1979  into  a  near-synchronous  orbit  (5x7  Rk).  The 
satellite  is  Specifically  designed  to  study  spacecraft  charging 
as  is  evidenced  by  the  extensive  list  of  scientific  and  en¬ 
gineering  instruments  (Table  7- 1 ).  P78-2  SCATHA  has  con¬ 
firmed  current  ideas  concerning  the  charging  process.  At 
the  satne  time,  information  on  the  sheaths  surrounding  a 
satellite  has  been  obtained.  An  abbreviated  list  of  obser¬ 
vations  follows; 

'  I .  Arcs  were  observed  under  different  potential  con¬ 
ditions  (eclipse,  sunlight,  beam  operations,  etc. 
(Koons,  19801). 

2.  The  satellite  surface  potential  monitor  (SSPM) 
has  determined  the  response  of  a  number  of  ma¬ 
terials  to  both  natural  and  artificial  charging  events 
(Mizera.  19801.  Sample  potentials  i)f  over  -  l(X)0 
V  have  been  observed  relative  to  spacecraft  ground 
(see  Figure  7-?.6b). 

3.  Natural  charging  events  of  -  1000  V  or  greater 
have  been  observed  with  one  event  in  excess  of 
-8000  V. 

These  observations  are  the  first  to  include  simultaneous 
data  on  the  plasmas,  magnetic  and  eieciric  fields,  surface 
potentials  of  dielectrics  and  other  surface  materials,  arcing, 
and  surface  contaminants. 

The  SCATHA  data  set  has  been  of  particular  value  in 
defining  a  “worst  case"  charging  environment  for  the  geo¬ 
synchronous  orbit.  In  Table  7-2  are  listed  two  “worst  case" 
examples  from  SCATHA  as  adapted  from  Mullen  et  al. 
11981]  and  Mullen  and  Gussenheven  (19821.  For  compar¬ 
ison  with  earlier  estimates,  a  “worst  case"  example  from 
ATS  6  has  also  been  included  [Deutsch.  1981  (.  The  plasma 
moments  and  single  maxwellian  temperatures  (described  in 
Garrett.  19791  are  averaged  over  all  angles  while  for  SCA¬ 
THA  the  2-maxwellian  values  are  for  compiments  narallel 
and  perpendicular  to  the  magnetic  field.  The  SCATH.A  ex¬ 
ample  on  Day  1 14  (24  April  1979.  0650  U  f.  .2.7 1 1  .MLT) 
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ing  alM>  exist.  Typical  is  the  pint  of  satellite  operational 
anomalies  as  a  function  of  kval  time  at  geosynchronous 
orbit  pmsented  in  Figure  7-7  |MePhcrson  and  .Sclxiher.  I976|, 
The  cause  of  this  clustering  near  lival  midnight  is  believed 
to  he  spacecraft  charging — intense  fluxes  of  energetic  elec¬ 
trons  ussrK'ialed  with  injection  events  are  encountered  near 
liKal  midnight  winch  lead  to  charge  buildup  and  arcing  and 
hence  to  eontn'l  circuit  upsets  and  operational  anomalies. 

Given  that  differential  charging  can  take  place,  whether 
through  potential  differences  on  adjoining  surl'aces  or  thnnigh 
charge  deposition  in  dielectrics,  arcing  can  <Kcur.  Arcing, 
detined  as  the  rapid  (  nanosecond)  rearrangement  of  charge 
by  punchthrough  ibreakdiiwn  from  dielectric  to  substrate), 
by  Hashover  (propagating  subsurface  discharge),  blowoff 
(arc  to  surface),  between  surfaces,  or  between  surfaces  and 
space,  is  not  well  understood  A  typical  arc  discharge  pulse 
IRalmain  et  al..  I977|  is  plotted  in  Figure  7-K.  Balmain 
1 19X0 1  finds  that  surface  discharges  display  characteristics 
that  scale  w  ith  variations  in  specimen  area  according  to  well 


fijiuiv  7. A  StaiisiKu)  iviuiremc  tn.s)ucn«.'>  i)f  observed  varijlions  of  ATS 
.S  and  ATS  f>  eeltpse  poleniials  as  a  luneliiHi  of  Kp  iso(id  doiNi 
and  various  ilworelKal  predielions  |('iarrell  el  a)  .  I‘)'’‘l| 

delined  pivwcr  laws:  peak  current  scales  as  the  0.50  p«>wer 
of  the  aa’a.  released  charge  as  1 .00.  energy  dissipation  as 
I..50.  and  pulse  duration  as  0.5V  Although  still  preliminary, 
various  attempts  arc  also  underway  to  theoretically  mixlel 
these  arcing  pheno;-nena  |Muelenberg.  1976;  Beers  et  al.. 
19791. 

Another  result  for  surface  arcs  |Stevcns.  1980;  Nanevic/ 
and  Adamo.  |98()|  in  the  laNiraiory  is  tha'  the  breakdown 
potential  on  a  negative  surface  varies  from  -  l(X)  V  at  low 
earth  orbit  to  -  If)  ))()tf  V  at  geosynchronous  orbit  implying 
that  arcing  should  not  be  a  comnion  (K'currence.  In  Figure 
7-9 1. Shaw  et  al  .  1976)  the  arcing  rate  on  a  geosynchronous 
satellite  shows  a  steady  increase  w  ith  the  daily  geomagnetic 
index  ap  As  arcing  is  common  even  at  low  levels  of  geo¬ 
magnetic  activity,  a  discrepancy  exists  between  laboratory 
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TaH«  7-1  Pnncipal  ln^c^tlgat1>r\  >p(fnv*rs  ftw  P78-2  SCATHA 


Experimenl 

Number 

Title 

Principal  Investigatoi/ 
Sponsor 

Address 

SCI 

Engineering 

Experiments 

Dr.  H.C.  Kixtnv 
DSAF/AFSOSD 

The  Aerospace  Corprrration 

P.O.  Box  92957 

Los  Angeles.  CA  90009 

sc: 

Spacecraft 

Sheath 

Electric  Fields 

Dr.  J.F.  Fennell' 
USAF/AFSOSD 

The  Aerospace  Corprrration 

P.O.  Box  92957 

Los  Angeles.  CA  90009 

SC3 

High  Energy 

Particle 

Spectmmeter 

Dr.  J.B  Reagan/ 

Office  of  Naval 

Research 

Lockheed  Palo  Alto  Rsch  Lab 
3251  Hanover  Street 

Palo  Alto.  CA  943(M 

SC4 

Satellite  ' 

Electron  and 

Positive  Ion 

Beam  System 

H.A.  Cohen/ 
USAF/AFSC/AFGL 

AFG17PHG 

Hanscom  AFB.  MA  01731 

SC5 

Rapid  Scan 

Particle 

Capt.  D.  Hardy/ 
USAF/AFSC/AFGL 

AFG17PHG 

Hanrcom  AFB.  MA  01731 

SC6 

Thennal 

Plasma 

Analyzer 

P..C.  Sagalyn/ 
USAF/AFSC/AFGL 

AFGL/PH 

Hanscom  AFB.  MA  01731 

SC7 

Light  Ion 

Mass 

Spectnrmeter 

Dr.  D.L.  Reasoner/ 

Office  of  Naval 

Research 

NASA  Marshall  Space  Flight 
Center.  Code  BS-23 

Huntsville.  AL  35815 

SC8 

Energetic  Ion 

Composition 

Experiment 

Dr.  R.G  Johnson/ 

Off  ce  of  Naval 

Research 

Lockheed  Palo  Alto  Rsch  Lab 
3251  Hanover  Street 

Palo  Alto.  CA  94304 

SCJ 

UCSD 

Charged 

Particle 

Experiment 

Dr.  E.C.  Whipple/ 

Office  of  Naval 
Research/USAF'AFSC/ 

SD 

University  of  California 

B0I9  Dept,  of  Physics 

La  Jolla.  CA  92093 

SC  10, 

Electric  Field 
Detector 

Dr.  T.L.  Aggson/ 

Office  of  Naval 

Research 

N.\SA  Goddard  Space  Right 
Center.  Code  625 

Greenbelt.  MD  20771 

sen 

Magnetic 

Field 

Monitor 

Dr.  B.G.  Ledley.' 

Office  of  Naval 

Research 

NASA  Goddard  Space  Right 
Center,  Code  625 

Greenbelt.  MD  20771 

MLI2 

Spacecraft  .  . 

Contamination 

Dr.  D.F.  Hall/ 

USAF  AFSC'AFML 

The  Aerospace  Corporation 

P.O  Box  92957 

Los  Angeles.  CA  9(KXJ9 

TPM 

Transient 

Pulse 

Monitor 

Dr.  J.F..  Nanevicz/ 

USAF  AFSC  SD 

SRI 

Menlo  Park.  CA 
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Tabk  7-2  "Wimm"  caMT  j!ft>N>ni.hnxvHj'>  cnMnaimcnis  The  in»fiKni».  TAVG.  am)  TRMS  arc  averaged  nvcr  all  angkv  The  SCATHA  i-Mj\»i-llian 
parameters  ate  fur  tluves  parallel  and  perpcndieular  !«•  the  magnelie  field  ATS  h  2-Matvtellian  poramelers  are  averaged  »ver  all  diresihHis 


SOURCE 

DATE 


DEUTSCH  II9K1I 

DAY  178.  1974 
ATS  6 


MULLEN  ET  AL 
II9KII 

DAY  1 14.  1979 
SCATHA 


MULLEN  AND 
GU.SSENHOVEN  119H2| 

SCATHA 


ELECTRONS 

IONS 

ELECTRONS 

IONS 

ELECTRONS 

IONS 

(ND>  (cm  ') 

0.1 12E 

-1- 

01 

0.245E  -(-  00 

0.900E 

(K) 

0,2.h)E 

+ 

01 

0..300E 

01 

0..T00E 

.4“ 

01 

(J>  (nA  cm  ■) 

0.4  lOE 

+ 

00 

0.2.S2E  -  01 

0.1 87E 

00 

0.795E 

- 

02 

,0..50IE 

+ 

00 

0.1. 59E 

- 

01 

<EDi  (eV  cm  ') 

0,29.^E 

05 

0.I04E  ^  05 

0.960E 

+ 

04 

0,1 90E 

05 

0.240E 

05 

0.370E 

05 

<EF>  (eV  cm  ’  s  '  sr  ' ) 

0  264E 

+ 

14 

0.298E  +  12 

0.668E 

■¥ 

13 

0.4.V)E 

+ 

13 

0.15  IE 

14 

0  748E 

4- 

12 

N1  (cm  ’)  parallel 

— 

0.882E  -  02 

0.200E 

+ 

00 

O.lbOE 

-1- 

01 

0. 1(X)E 

+ 

01 

O.llOE 

+ 

01 

perpendicular 

— 

0.2()0E 

•f 

00 

O.llOE 

-f 

01 

0.800E 

4- 

(X) 

0,900E 

4- 

(X) 

Tl  (eV)  parallel 

— 

O.IIIE  +  0.T 

0.4(X)E 

+ 

03 

0..hK)E 

+ 

03 

0.«K)E 

+ 

03 

0.4eiE 

F 

0.3 

perpendicular 

— 

— 

0.400E 

+ 

03 

0  300E 

+ 

03 

0.600E 

03 

0..5a)E 

+ 

03 

N2  (cm  ')  parallel 

0.1 22E 

+ 

01 

0  2.%E  +'  00 

0.600E 

(- 

00 

0.600E 

-f 

00 

0.1 40E 

-(- 

01 

0.1 70E 

4- 

01 

perpendicular 

_ 

— 

0.2.T0E 

+ 

01 

0.1. WE 

4- 

01 

0.1 90E 

01 

0.1 60E 

+ 

01 

T2  (eV)  parallel 

0.1 60E 

05 

0.295E  -I-  05 

0  240E 

+ 

05 

0.260E 

4- 

05 

0.25  IE 

■r 

05 

0.247E 

05 

perpendicular 

— 

— 

0.248E 

+ 

05 

0.282E 

+ 

05 

0.261E 

+ 

05 

0.2.56E 

05 

TAVG  (cV) 

0.I60E 

05 

0.284E  +  05 

0.770E 

-(- 

04 

0..5.50E 

+ 

04 

0.533E 

+ 

04 

0,822E 

-I- 

04 

TRMS  (eV) 

0.I6IE 

,-1- 

05 

0.295E  +  05 

0  900E 

04 

0.1 40E 

■¥ 

05 

0.733E 

+ 

04 

0.II8E 

+ 

05 

and  in  situ  measurements  which  underscores  the  need  for 
further  analysis. 

Tiw  effects  of  arcing  are  somewhat  better  undersUxKi 
than  the  pnKess  itself.  The  current  pulse  (Figure  7-8)  gen¬ 
erates  an  electrical  pulse  in  spacecraft  systems  either  by 
direct  cuiTent  injection  or  by  induced  cAirrents  due  to  the 
assix'iated  electn>magnetic  wave  (see  Pnx'ccdings  of  the 
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IEEE  Conference  on  Nuclear  and  Space  Radiation  Effects, 
1979).  Balmain  119X0)  and  Nanevicz  and  Adamo  |I980| 
have  analyzed  the  effects  of  arc  discharges  tvn  material  sur¬ 
faces.  Balmain  11980)  gives  numerous  examples  of  holes 
and  channels  of  micron  si/e  in  dielectric  surfaces.  Nancvic/ 
and  Adamo )  1980)  tind  additional,  large  scale  physical  dam¬ 
age  to  stilar  cells  such  as  fracturing  of  the  cover  glass. 

Of  more  immediate  concern  to  the  space  physics  com¬ 
munity  than  ares,  however,  are  the  effects  of  spacecraft 
charging  on  plasma  measurerhents.  There  are  numenius  ways 
that  charging  can  complicate  the  interpretation  of  low  energy 
plasma  measurements.  These  can  be  Kxisely  defined  as  shift¬ 
ing  of  the  spectra  in  energy,  preferential  fixusing  or  exclu- 
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Fi|curc  7-9  Number  oi  m's  per  hiHir  as  4  furKinm  4>f  ibily  ^  l«ir  a 
{iC(tN\ncbnKHHis  suidlite  (Shjv^  ci  jI  .  I976| 

skm  of  particles  of  a  particular  energy  or  direction,  and 
contamination  of  measurements  by  secondaries,  backscal- 
tered  electrons,  and  photixriccfntns.  Eiach  of  these  effects  is 
briefly  described  below. 

As  described  earlier  in  reference  to  the  ATS  6  itbser- 
vations  (Figure  7-2).  a  potential  diffcretK'e  between  the  ve¬ 
hicle  and  the  ambient  plasma  can  raise  or  lower  the  energy 
of  the  incoming  particles.  In  the  case  of  differential  flue 
measurements  such  as  the  .AT.S  6  electrostatic  analyzers, 
the  shift  in  erwrgy  is  easily  detected  in  the  attracted  species 
(Figure  7-2).  For  devices  that  measure  the  total  current  (such 
as  a  Langmuir  probe)  more  subtle  techniques  must  be  em¬ 
ployed  which  involve  intimate  knowledge  of  the  current- 
voltage  characteristic. 

The  most  difficult  effects  to  correct  are  due  to  particle 
fiKusing  or  exclusion  .As  demonstrated  in  Figure  7-.t.  dif- 
fe’ential  charging  <*f  surfaces  near  a  detector  can  result  in 
focusing  or  defix-using  at  specific  energies.  Just  as  the  ge¬ 
ometry  of  the  vehicle  can  shadow  the  field  of  vice,  of  a 
detector,  the  potential  gradients  near  the  detector  can  distort 
the  partii  le  trajectories  Methods  for  estimating  particle  fluxes 
in  the  vicinity  of  such  charged  surfaces  are  discussed  in 
Section  7.4. 

Secondary  electnms.  hackscattered  electnms.  and  pho- 
tixdectrons  are  emitted  by  spacecraft  surfaces  If  the  vehicle 
is  positively  charged,  these  low  energy  particles  can  be 
r>*altractcd  to  the  vehicle.  They  consiitute  an  extra  and  un¬ 
desirable  current  sourc :  tiiat  can  confuse  ambient  electron 
measurements  hven  in  the  case  of  negative  potentials.  d;f- 
ferential  potentials  or  space  charge  potential  minima  can 
result  in  significant  secondary  and  hackscattered  electrons 
and  photix’lectron  currents  into  the  detector.  This  current  is 
easily  misinterpreted  as  a  ptsiiive  potential  effect  if  onlv 
electron  measurements  are  avnlable. 


biguie  7- in  Healing  rate  per  itav  divitleil  by  the  average  heating  rate  (nr 
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Contaminant  ions,  due  to  thrusters  (ionic  or  chemical) 
or  outgassing  of  satellite  materials,  can  be  trapped  within 
the  satellite  sheath  and  preferentially  deposited  on  nega¬ 
tively  charged  spacecraft  surfaces.  Cauffman  1 197,^1  (see 
also  Jemiola  |I97K:  I9S()||  has  estimated  that  as  much  as 
SO  A  of  material  can  be  deposited  on  charged  optical  sur¬ 
faces  in  as  little  as  100  days.  In  Figure  7-10  (Nancvicz  and 
Adamo.  I980|  the  healing  rale  of  sensors  on  a  geosynchron¬ 
ous  satellite  apparently  ntse  with  geomagnetic  activity.  This 
is  believed  to  be  due  to  increased  contaminant  deposition 
during  periixls  of  geomagnetic  activity  and.  tberefore.  in¬ 
creased  charging  (Figure  7-5)  Such  deposition  may  also 
alter  secondary  emission  and  pholix’leclron  pnrpertics. 

Another  effect  related  to  charging  observed  in  tbc  lab¬ 
oratory  is  parasitic  power  loss.  This  is  anticipated  to  be 
important  at  low  orbital  altitudes  due  to  interactions  between 
Ihc  ambient  plasma  and  expivsed  high  voltage  surfaces  such 
as  sivlar  cells.  McCoy  el  al.  |  I9K()|  and  Stevens  1 198(11  have 
estimated  this  effect  bi>lh  theoretically  and  by  laboratory 
experiments  in  large  vacuum  chambers  to  result  m  a  lO'i 
power  loss  for  voltages  in  excess  of  .MKK)  V  at  low  earth 
orbit.  They  also  find  that  arcing  begins  at  low  earth  orbit 
al  -  l(X)  V  and  is  a  signilicant  pnvblem  for  potentials  of 
-  1(8)0  V  al  geosy nchronou'  orbit  Apparently,  the  power 
loss  and  damage  due  to  such  arcing  is  much  more  serious 
on  high  voltage  arrays  than  parasitic  power  loss 

7.3  CURRENT  MECHANISMS 

The  spacecraft  charging  effects  re|»rii‘il  in  tbo  prev  xms 
section  result  from  current  balance,  that  is.  all  the  various 
currents  ,)f  charged  particles  to  and  from  the  satellite  surf  ace 
must  balance  Such  current  balance  is  valid  lor  a  uniiorni. 
conducting  satellite  suiface  or  for  a  non-conducting  surf  .ice 
in  the  limit  of  a  point  I'niess  otherwise  stated,  the  lonner 
case  (for  a  tinifonn  conducting  satellite i  will  be  assumed  lif 
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a  iHw-uniftinii  >atcllilc  >urfacc  is  c«»n‘  idcnfd.  then  the  cur¬ 
rent  balance  ft'r  each  is»>lated  surface  and  the  resistive,  ca¬ 
pacitive.  and  inductive  currents  between  surfaces  must  alsit 
he  considered).  The  calculation  of  the  satellite  surface  p»>- 
tential  consists  of  2  steps.  First,  the  currents  to  the  satellite 
surface  are  determined  as  functions  of  ambient  conditions, 
satellite  geonu'trv.  and  potential.  Second,  a  satellite  poten¬ 
tial  is  found  so  that  current  balance  is  achieved  fhe  cal¬ 
culation  of  the  currents  to  the  satellite  surface  is  verv  de¬ 
pendent  on  the  fields  in  the  vicinity  of  the  space  vehicle. 
These  not  only  depend  on  the  geometry  of  the  vehicle  but 
alM>  on  the  sh"ath  or  the  cloud  of  charged  pa.ticles  trapped 
near  the  satellite.  I  hc  tomiulas  for  calculating  the  current 
s»Hirccs.  given  the  incident  particle  distribution  at  each  sat¬ 
ellite  surface,  will  he,  described  in  this  section. 


s.  These  linw  scales  imply  at  least  three  different  ranges  for 
the  validity  of  current  balance.  Fixeept  for  the  higlurst  fre¬ 
quency  ambient  electron  variations,  for  plasma  frequency 
variations  at  low  altitudes,  and  arcing,  satellite  to  space 
current  balance  can  be  realized.  Thin  dielectrics  can  respond 
to  typical  environmental  variations  (note  this  includes  am¬ 
bient  variations  due  to  satellite  spin  modulations,  which  are 
usually  a  few  seconds  to  a  minute).  Current  balance  of  large 
surface's  relative  to  each  other  may.  however.  no«  be  achieve'd 
(this  behavior  is  illustrated  in  Figure  7-2.Sb).  Thus,  current 
balance  is  expected  to  be  valid  in  a  number  of  interesting 
eases  although  care  must  he  exercised  in  the  vicinity  of  the 
plasma  frequency  and.  in  the  other  extreme,  of  large  isolated 
dielectric  surfaces. 


7.3. 1  Time  Scales 

In  determining  the  validity  of  the  assumption  of  current 
balance,  an  important  issue  to  consider  is  the  time  scales 
for  which  it  is  applicable.  Basic  electrostatic  considerations 
give  order  of  magnitude  estimates  of  these  tinK  scales.  As 
an  example,  assume  the  satellite  is  a'conducting  sphere  of 
radius  r  aiid  has  a  capacitance  of  C.  (»rt.  The  tiiiH:  scale 
T. ,  for  the  charging  of  a  conducting  sphere  relative  to  space 
in  the  earth  s  magnetosphere  is  then  |Katz  et  al..  i977| 

C  V 

7,.  -  ^  -  2  X  10  ‘s  (7.1) 

47rrJ 


where  r  ^  I  m.  V  is  tfic  saielhte  potential  relative  to  space 
(  -  I  VV).  and  J  is  ,he  ambient  flux  (  -  (l.5n.A  cm  ■). 

I'niortunaiely  satellites  normally  are  covered  with  ther¬ 
mal  blankets  that  consist  of  thin  dielectrics  deposited  over 
conducting  substrates  The  capacitance  of  a  given  dielectric 
area  A  of  thickness  s  can  be  estimated  by  C|.  (*  A/47rs)  so 
that  the  tinK  scale  is  (Katz  et  al  .  Id77| 


I  6s 


(7.2» 


7.3.2  Incident  Particle  Fluxes 

The  major  natural  source  of  potentials  of  10  k  V  or  higher 
on  satellite  surfaces  is  the  ambient  space  plasma.  Although 
space  plasma  is  seldom  representable  in  terms  of  a  single 
temperature  and  density,  the  Maxwell-Boltzmann  distri- 
buti.vn  function  is  a  useful  staring  point  for  describing  the 
ambieiil  plasma  conditions  that  geni*ra(e  these  large  poten¬ 
tials.  Given  the  distribution  function  f  for  an  isotropic  Max¬ 
well-Boltzmann  plasma 


where  n,  =  number  density  of  species  i.  m,  =  mass  of 
species  i.  T,  =  temperature  of  species  i.  v,  =  veliK'iiy  of 
species  i.  k  =  Boltzmann  constant,  and  f  =  distribution 
function. 

The  current  flux  to  a  surface  in  the  absence  of  an  electric 
field  IS 

J..  =  q,J "  'J  V.  (7  4al 


.Assuming  isotn'py. 


where  s  0  I  cm.  V  -  I  kV,  and  J  ~  0  ^n.\  cm  . 

Other  important  tiitK  scales  are  the  charging  tinn-  of 
large,  ivilated  surfaces  relative  to  each  other  (from  seconds 
to  perhaps  hours,  ik'pending  on  surface  details),  the  plasma 
frequency  (|(t'-l()  flz).  and  the  gy rofrequency  ilti'  It)'' 
Hz  f»*r  electrons  and  It)  It)'  for  M'  b  lower  values  are 
representative  of  geosynchronous  orbit  where  n  I  cm 
an.J  B  lt)()nT,  and  the  higher  values  for  the  ionosphere, 
where  n  '  It)'’  cm  '  and  B  x  lo^iiT,  Typically  envi¬ 
ronmental  changes  take  place  in  minute'  or  longer.  allluHigh 
tiiTU'  scales  on  the  order  ol  the  plas.na  frequency  and  gy- 
nrfrequeney  are  observed  .Arcing  duMtions  are  10 ''  10  ' 


where  J.,,  is  the  current  density  per  unit  area  for  0  potential, 
n  is  the  unit  nomial  to  surface,  q,  is  the  charge  on  species 
i.  and  d'V  is  the  volume  element  in  veloeitv  space 

.As  will  tx'  shi'wn  in  Section  7  4.  when  the  effects  of 
the  spaeccT.ilt  potential,  sheath  or  plasma  anisotropies,  and 
deviations  of  the  ambient  plasma  from  a  Maxwellian  dis¬ 
tribution  are  considered,  the  simple  distribiilion  function  of 
Fqiiation  (7  .<i  is  no  longer  valid  and  the  integration  of 
F.quation  (7  4i  Kcomes  vliflieuti  Fven  so,  Fquatiori'  (7  4l 
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or  a  moditicaiiun  of  it.  is  accurate  for  many  practical  pur¬ 
poses.  Appri'ximate  values  of  T  and  n  for  various  space 
plasmas  are  tabulated  in  Table  7-3. 

7.3.3  Phctoelectron  Currents 

The  phi>t<>electron  current  from  a  surface  is  a  function 
of  satellite  mctcrial.  solar  flux,  solar  incidence  angle,  and 
satellite  ptrtcntial  (see  review  by  Lucas.  (I‘)73|).  In  Figure 
7- 1 1  adapted  fVi'm  Grard  1 1‘i73b|  are  plots  of  tbe  4  functions 
necessary  to  describe  the  photoclectron  current.  In  Figure 
7- 1 1  the  solar  flux  S  is  plotted  as  a  lunction  of  energy  E 
(or  wavelength).  The  details  of  the  spectrum  change  with 
solar  activity  and  can  vary  greatly  if  the  sunlight  reaching 
the  spacecraft  is  attenuated  by  the  atmosphere  IGarrctt  and 
DeForrst.  I97‘)|.  Als»>  shown  in  Figure  7-1 1  arc  the  electron 
yield  per  phsUon  for  noiiiial  incidence.  W  (E).  and  the  total 


photoelectron  yield  H(E)  ( -  W(E)S(E))  as  functions  of  en¬ 
ergy  for  aluminum  oxide  (Grard.  I973b|.  The  total  current 
density  for  zero  or  negative  satellite  potential  and  normal 
incidence,  as  derived  by  Grard.  is 

=  f  W(E)  S(E)  dE  =  J'  H(E)  dE.  (7.5) 

JptHt  for  »  variety  of  materials  is  tabulated  in  Table  7-4 
(Graid.  I973bl. 

If  the  satellite  is  positively  charged,  the  ambient  pho- 
toelectnin  current  is  attracted  to  the  surface.  .A.  »bis  tetum 
current  is  a  function  <'f  pirtential  and  geometry  the  energy 
spectrum  of  the  electn^ns  for  a  given  inc.bciit  .MMiochro- 
matic  phixon  must  be  known  tocalci.late  it  accurately.  Grard 
|l973b|  has  carried  out  these  calculations  several  ma¬ 
terials  and  different  probe  geometries  (see  also  Whipple, 
|l%.5|). 


TaMe  h'siinuivtl  plavnu  paranwters  (>ir  vamius  cnvinin>nml>  Most  vituc\  iuv  cvlinutcs  See  apprndix 
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7.3.4  Backscattered  and  Secondary  Electrons 

The  impact  of  ambient  elcctnms  and  ions  on  a  spacecraft 
surface  generates  backscattered  and  secondary  electnms — 
backscattered  and  secondary  ion  fluxes  being  insignificant. 
These  fluxes,  though  often  neglected  in  charging  calcula¬ 
tions  can  exceed  the  incident  fluxes  undei  st>me  circum¬ 
stances.  .Mthough  a  clear  distinction  between  secondary  and 
backscattered  electrons  is  not  alw  ays  possible,  backscattered 
electnms  are  those  ambient  electrons  reflected  back  fmm 
the  surface  with  some  loss  of  energy  [Stemglass,  1954)  (see 
alsci  reviews  by  Dekker  |I958|.  Hachenherg  and  Brauer 
1 1959).  Gibbons  |l9b6|.  and  Lucas  ||973|.)  Secondary 


CHARGING  OF  SPACECRAFT  SURFACES 


Figure  7- 1 2a.  Secimdary  ekemm  ycild  due  to  iiKidcnl  eleemms  of 
energy  B  impacting  on  aluminum  |W’hippte.  lUA.Sj 


electrons  arc  emitted  as  a  result  of  energy  deposition  by 
incident  electrons  or  ions  [Stemglass.  1957;  Willis  and  Skin¬ 
ner.  1973.  Chung  and  Everhart.  1974;  Baragiola  et  al., 
1979]  Each  of  the  three  has  a  characteristic  emission  spec¬ 
trum. 

The  equation  for  the  current  density  due  to  secondary 
emission,  assuming  an  isotnspic  flux  and  ignoring  other 
angular  variations  is  (see.  however.  Whipple.  |I9651); 

r  dE’  f  g.(E’  .E)  8,(E)E  f,(E)  dE  (7.6) 
mr  J"  J" 

where  Js,  =  secondary  eicctnm  flux  due  to  incident  species 
i  (usually  assiiioed  tc  be  electnrns.  e\  or  protons,  H'). 
g,  =  emission  spectrum  of  secondary  electrons  due  to  in¬ 
cident  species  i  of  energy  E.  8,  =  secondary  electron  yield 
due  to  incident  species  i  of  energy  E.  b’  =  secondary  elec¬ 
tron  energy,  and  f,  =  distribution  function  of  incident  par¬ 
ticles  at  surface. 

Typical  curves  for  8,  for  e  and  H  *  impacting  on  alu¬ 
minum  from  Whipple  |I965|  are  pliHted  in  Figure  7-12a 
and  7-l2b  (see  also  Stemglass  11957),  Willis  and  Skinner 
)I9731,  Chung  and  Everhart  |I974|.  and  Baragiola  et  al’. 
11979)).  The  function  g,  is  assumed  to  be  independent  of 
incident  energy  and  incident  particle  species.  The  normal- 
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Material 

Work  Function  (eV) 

PlHirocIcctron  Saturation  Flux 
( lO'-Ur/s-m') 

Saturation  Current 
Density  (p.  A/m-) 

Aluminum 

Oxide 

39 

260 

42 

Indium 

Oxide 

4.8 

190 

30 

Cfold 

4  8 

180 

29 

Stainless 

Steel 

4.4 

120 

20 

Aquadog 

4  6 

no 

18 

LiF  on  Au 

4.4 

90 

15 

Vitreous 

Carbon 

4.8 

80 

13 

Graphite 

4.7 

25 

4 
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Figure  7-l2b  Seoimtary  clcrtnirt  >icU  ^  due  let  irvideni  hhin  »if  energy 
E  impieuag  nn  aluminum  IWthippie.  im.M. 


ized  cune  (Whipple.  I%.^|  ftK  aluminum  is  plotted  in  Fig¬ 
ure  7- 1 2c. 

For  backscattered  electrons,  the  current  density  is  given 
b>  DeForest  II972I 

W  =  ^  f  dE'  f  BtE'.El  E  f,(El  dE.  (7.7) 
ITf  J" 

vihcre 

and  G  is  the  pereentage  of  electrons  scattered  at  fractirm  E’.' 
E  of  the  incident  energy  E. 

Stemglass  (IV.Sdl  has  published  experimental  measure¬ 
ments  of  backscaitcr  parameters  for  different  materials.  An 
estimate  of  G  for  A I  fnim  his  data  is  plotted  in  Figure  7- 
13.  For  negative  potentials,  the  backscatter  flu.x  is  roughly 
2()^<  of  the  incident  Hux. 

For  both  secondary  and  backscattered  currents,  the  ac- 


secoMiMv  Ei-KTHon  Eiensi  av) 

Figure  ?•  l-c.  F.mi%'>i<>n  .pcviruni  i»f  MX'ondjiS'  cIccifiinN  Jut*  u»  intidcnl 
ckvtnHtt  <ir  imreitling  im  jluminum  [Whipplt*. 


0.1 


0  0.5  IX) 

E/E 

Figure  7-1  J.  Grai*  id  G  lEVEl  as  a  funclkm  of  (E’/El  where  G  is  ap- 
pri>vi:intcl>  the  pertenuge  of  clctlnais  scailcrL-J  al  a  given 
energy  E'  as  a  result  of  an  incideni  particle  of  energy  E 
ISlemglass.  11541. 

tual  values  are  dependent  on  angle  of  incidence  which  has 
been  ignored  in  the  preceding  discussion.  Further,  the  sec- 
itndary  and  backscatter  properties  of  actual  satellite  surfaces 
which  are  invariably  oxidized  or  contaminated  are  not  well 
known.  Currently  the  lack  of  knowledge  in  this  area  is  one 
of  the  major  deficiencies  in  spacecraft  charging  theory. 

7.3.5  Magnetic  Field -Induced  Current 
Distortions 

A  pmblem  in  low  earth  orbit  often  encountered  by  elec¬ 
tric  field  experiments  employ  long  (~  10  m  or  longer)  an¬ 
tennas  or  Nxims  is  the  induced  electric  field  due  to  t)ie 
satellite  cnissing  the  earth’s  magnetic  field  lines.  Briefly,  a 
satellite  nMtving  relative  to  a  plasma  lassumed  to  have  a 
zero  electric  field  with  vckxity  v.  will  see  an  electric  field 
E  in  its  rest  frame  given  by 

E  =  =  10  "fv-  *  B)  Y/cm  (7.«) 

where  E  is  in  V/cm.  v.  is  in  cm/s.  B  is  in  G.  and  C  is  the 
speed  of  light. 

An  earth-orbiting  satellite  will  see  a  maximum  induced 
V  X  B  field  at  low  altitudes  on  tlie  order  of  -0:3  V7m.  The 
local  fields  and  current  flows  in  the  vicinity  of  the  vehicle 
will  be  distorted  by  this  elTect. 

Besides  the  v  X  B  current,  the  magnetic  field  also  in- 
li'ices  anistitropies  in  the  particle  fluxes  .Ambient  fluxes, 
secondaries,  beam  fluxes,  and  charged  particle  wakes  arc 
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all  controlled  to  a  greater  or  lesser  extent  by  the  magnetic 
field.  Whipple  |1965|  and  Parker  and  Murphy  [I967|  have 
a.>aly7.ed  some  of  the  effects  of  these  magnetic  field-induced 
anisotropies  on  spacecraft  changing  (see  also  reviews  by 
Bnindin  fl%3)  and  Guverich  et  al.  |I970])  and  find  that 
the  electron  flux  can  be  reduced  by  as  much  as  a  factor  of 
2.  but  as  a  rule  these  are  ignored  in  spacecraft  charging 
calculations.  McCoy  et  al.  |I980|  has  suggested  that  this 
constraint  of  electrons  to  field  lines  may  become  of  real 
concern  for  very  large  structures  which  are  much  larger  than 
a  gyroradius. 


7.3.6  Motion<Induced  Effects 

In  low  earth  orbit,  the  velocity  of  a  satellite  is  7.5  km/s. 
Within  the  plasmasphere.  where  particle  energies  are  I  eV 
or  less,  the  ion  thermal  vel(x;ity  is  10  km/s  or  less.  This 
implies  that  a  pla^ma  wake  would  tie  formed  around  the 
vehicle  Chang  et  al.  |1979!  have  estimated  that  motion- 
induced  effects  on  the  satellite  potential  due  to  such  a  wake 
are  important  for  ion  ram  to  thermal  velocity  ratios  as  low 
as  0. 1 .  These  motion-induced  effects  would  be  present  even 
for  neutral  particles  and  result  in  there  being  large  asym¬ 
metries  in  the  flow  between  the  leading  surfaces  of  the 
satellite  and  the  rear  for  even  small  objects  such  as  booms. 
The  motion  of  the  satellite  can  also  induce  space  charge 
variations  in  the  vicinity  of  the  vehicle  (Parker.  19771.  The 
depletion  of  electrons  and  ions  in  the  satellite  wake  can 
distort  the  flow  of  the  particles  to  the  vehicle.  A  typical 
observation  is  presented  in  Figure  7- 14  in  terms  of  the  nor¬ 
malized  electron  fluxes  in  the  wake  of  the  Explorer  31  sat¬ 
ellite  (Samir  and  Wrenn.  I%9|.  Although  simple  models 
of  this  phenomena  will  be  discussed  below,  reviews  by 
Brundin  |l%31.  Kasha  |I969|.  Liu  11%91.  and  Ai'Pert 
1 19761  aid  papers  by  Gurevich  et  al.  1 19701  and  Kunemann 
1 19781  should  be  consulted  for  details. 


7.3.7  Charge  Deposition 

by  Energetic  Particles 

The  dep»)sition  of  charge  in  dielectrics  by  high  energy 
particles  is  a  well  known  phenomena  in  nuclear  physics  f  see. 
for  example.  Gross  and  Nahlo  ( I967|;  Evdokimov  and  Tub- 
alov  I  I974|;and  Frederickson  1 1979  (land  has  been  proposed 
as  a  source  of  satellite  charging  (Meulcnherg,  1976).  As  an 
example  I Frederickstm.  1980].  elcctnms  between  lOkeV  and 
I (KIkeV  lose  energy  at  a  rate  of  R  =  lirtoS  x  lO  eVg  'cm’ 
depending  on  energy  and  the  material  involved  (R  •  p.  where 
p  is  the  density  of  the  material,  gives  the  energy  loss  rate  per 
cm).  Electrons  of  I  MeV  will  lypically  penetrate  several  mil¬ 
limeters  into  a  solid.  Fields  of  the  order  of  M  V/rnni  are  nec¬ 
essary  to  retard  such  incident  fluxes.  Fields  of  this  macnitude 
are  more  than  adequate  to  cause  electrical  breakdow  n  in  a  die¬ 
lectric  .  Figure  7- 1  .s  is  a  theoretic  ai  plot  of  the  potential  in  a  PCV 
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Figure  7-14.  Niirmali/cd  elecinrn  current  versus  angular  position’ of  the 
plasma  probe  on  F.vpiorer  .tl  (Samir  and  Wrenn.  I%9); 
1X0°  would  corrcsprmd  to  the  center  of  the  wake  Ithat  is. 
irpposiie  the  direction  of  movement).  Also  shown  arc  the¬ 
oretical  tits  The  altitude  h  anil  ambient  density  n  arc  indi¬ 
cated  (Gurevich  el  al..  I97l)(. 
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Figure  7-15.  The  clecine  tield  m  b  mm  PVC'  .ample  as  a  function  ot 
exposure  time  to  a  4  Ws  ■  111  -X  em'.  1  MeV  electron 
beam  (Frederiekson.  |US()( 
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sample  exposed  to  l-MeV  electrons  as  a  function  of  time 
IFrederickson,  I980|. 

As  satellites  in  the  earth's  radiation  belts  or  the  hostile 
environment  of  Jupiter  can  experience  high  dosages  of  en¬ 
ergetic  particles,  this  effect  becomes  important  if  long  mis¬ 
sion  lifetimes  are  desired.  Recent  evidence  ITreadway  et 
al..  I979|  indicates  that  the  effects  of  charging  and  arcing 
may  be  substantially  altered  by  the  buildup  of  charge  in 
dielectrics.  As  yet.  this  priKCss  has  not  been  included  in 
spacecraft  charge  modeling.  Its  inclusion,  however,  will  be 
critical  to  a  complete  understanding  of  the  charging/arcing 
process. 


7.3.8  Artificial  Charging  Mechanisms 

Artificial  mechanisms  that  effect  spacecraft  charging  are 
numerous  and  in.lude  electron  and  ion  beams  and  exposed, 
high  potential  surfaces  such  as  the  junctions  between  solar  cells 
IStevens.  I98l)|.  Recently,  beam  sources  have  been  actively 
exploited  both  as. probes  of  the  satellite  sheath  and  as  a  means 
of  controlling  the  spacecraft  potential  (Goldstein  and  Dc- 
Forest.  1976;  Olsen.  1980;  Purvis  and  Bartlett.  1980;  Cohen 
et  al..  I979|.  Voltages  in  the  KV  range  and  currents  between 
mA  and  A  are  typical  of  these  systerhs  (Winkler.  I980|.  The 
Excede  2  test  (O'Neil  et  al..  I978b|.  in  fact,  ejected  kV 
electrons  at  10  A.  An  example  of  a  theoretical  beam  calcula¬ 
tion  will  be  given  in  Section  7.4  as  an  illustration  of  the  com¬ 
plexities  involved  in  analyzing  such  experiments. 

Parker  ( 1979.  I980|.  Stevens  ( I980|.  McCoy  et  al.  ( I980|. 
and  Rieff  et  al.  ( 19801  have  carried  out  calculations  of  the 
currents  to  exposed  potential  surfaces  for  large,  high  voltage 
structures.  They  find  that  a  major  effect  is  to  induce  large 
voltage  gradients  in  the  satellite  sheath  that  must  be  con¬ 
sidered  in  the  proper  design  and  use  of  such  systems.  The 
potentials  can  lead  to  multipacting  and  preferential  depo¬ 
sition  of  ion  contaminants.  Another  possible  difficulty  as- 
siKiated  with  very  high  positive  potentials  is  the  "pinhole” 
effect.  As  discussed  in  Kennerud  ( I974|.  the  insulation  on 
such  surfaces  can  become  puncuired.  Even  microscopic  holes 
can  result  in  exceptionally  high  focusing  of  electrons — in 
some  cases  the  pinhole  can  completely  defeat  the  insulation. 

Finally,  a  number  of  experiments  have  been  conducted 
in  vacuum  chambers.  Currently,  the  most  extensive  pro¬ 
grams  are  those  at  NASA  Johnson  (McCoy  et  al..  I980| 
and  NASA  Lewis  (Stevens.  1980;  Purvis  et  al..  1977;  and 
their  colleagues (.  The  NASA  Johnson  chamber  test*-  have 
involved  testing  of  high  potential  surfaces  and  of  rocket 
beam  stajrccs  prior  to  flight  (Konradi.  private  communi¬ 
cation.  19801  in  an  environment  resembling  the  ionosphere. 
As  discussed  in  Bernstein  et  al.  (1978;  I979(.  these  latter 
tests  have  concentrated  on  the  analysis  of  the  so-called  "beam- 
plasma  discharge"  (BPD)  in  electron  beam  experiments. 
They  have  found  that  the  electron  beam  at  a  critical  cuirent 
transitions  from  one  well  defined  by  single  particle  dynamics 


to  a  much  larger  beam  spread  marked  by  aa  increase  in  the 
local  plasma  density.  The  critical  current  Ic  when  this  occurs 
is  proportional  to  the  beam  energy,  Vb.  such  that  Ic*Vb''^. 
an  equation  resembling  Equation  (7. 14).  The  NASA  Lewis 
studies  are  pan  of  a  coordinated  effort  to  validate  the  NAS- 
CAP  code  (see  Section  7.4.6)  and  have  included  testing  of 
the  P78-2  SCATHA  experiments  (Stevens  et  al..  1980a(. 


7.4  SPACECRAFT  CHARGING  THEORY 

The  basic  equation  expressing  current  balance  for  a  given 
surface  in  an  equilibrium  situation  is,  in  terms  of  the  cunent: 

Ik  (V)  -  (l,(V)  +  IsK  (V)'  4-  Is,(V)  -I-  Ib.se  (V)  ' 

+  Im  (V)  4-  Ib  (V)(  =  It  (7.9) 

where  V  =  satellite  potential,  I|:  =  incident  electron  cur¬ 
rent  on  satellite  surface,  i|  ==  incident  ion  current  on  sat¬ 
ellite  surface.  Ise  =  secondary  electron  current  due  to  Ie. 
Isi  =  .secondary  electron  current  due  to  I|, 
Ibsk  =  backscatteied  elections  due  to  Ik.  IpH  =  photoelectron 
current.  1b  =  active  current  sources  such  as  charged  particle 
beams  or  ion  thrusters,  and  It  =  total  cunent  to  satellite 
(at  equilibrium.  It  =  0). 

In  this  section  methods  of  solving  Equation  (7.9)  for  V 
so  that  It  =  0  will  be  described.  The  basic  problem  is  the 
solution  of  Equation  (7.9)  subject  to  the  constraints  of  Pois- 
.son's  equation; 

V’V  =  4  rr  q(n,  4-  ne  -  ni)  (7. 10) 

and  the  time-independent  collisionless  Boltzmann  (or  Vla¬ 
sov)  equation; 

V  Vf,  -  ^VV(r)-V,  fi  =  0,  (7.11) 

mj 

where  n|.;  =  local  electron  density,  m  =  local  ion  density, 
n,  =  surface-emitted  electron  density.  V,  and  V.  =  gradient 
operators  with  respect  to  position  and  velocity  space  re¬ 
spectively. 

7.4.1  Analytic  Probe  Theory 
General  Considerations 

The  most  important  concept  in  proiie  theory  is  that  of 
ihe  Debye  length  Ki,.  the  distance  over  which  a  probe  or 
satellite  significantly  perturbs  the  ambient  medium.  (Note 
that  this  is  only  one  definition  of  the  satellite  sheath.  The 
sheath  thickness  is  not  only  dependent  on  satellite  potential 
and  charge,  but  through  the  so-called  "preshealh".  inllu- 
cnccs  the  plasma  up  to  the  order  of  the  satellite  radius 


m 
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[Parker.  1980).  More  precisely,  electrons  and  ions  form  a 
cloud  around  any  charged  surface  that  is  a  function  of  the 
particles'  energies  and  densities  and  the  potential  on  the 
surface.  As  an  illustration,  the  solution  to  Poisson’s  equation 
for  spherical  symmetry  is 

e  ” 

V(r)  =  q -  (7.12) 

r 

where  Xd  =  (KT/4  ir  q’n,,)''-  and  n„  =  ambient  charge 
density.  This  is  the  classical  Debye  length  for  the  assumption 
of  "linearized  space  charge."  The  “linearized  space  charge" 
approximation  can  be  extended  to  spherical  and  other  multi¬ 
dimensional  geometries;  an  analytical  fit  for  the  spherical 
case  is  discussed  by  Parker  [1980].  Values  for  Xu  are  listed 
in  Table  7-3. 

The  terminology  “thick"  sheath  and  "thin"  sheath  de¬ 
rives  from  the  assumption  that  the  region  over  which  the 
satellite  affects  the  ambient  plasma  or  is  screened  from  the 
ambient  plasma  is  either  larger  or  smaller  than  the  char¬ 
acteristic  dimensions  of  the  spacecraft.  Usually  this  reduces 
to  determining  whether  Xu  is  long  (thick  sheath)  or  short 
(thin  sheath)  compared  to  the  spacecraft  radius.  From  Table 
7-3.  for  a  1  m  radius  spacecraft  with  no  exposed  potential 
surfaces  in  low  earth  orbit,  the  term  thin  sheath  is  appro¬ 
priate.  For  geosynchronous  orbit,  unless  the  satellite  is  10 
m  or  larger,  the  thick  sheath  approximation  is  appropriate. 
If  active  surfaces  (that  is.  exposed  potentials  driven  by  the 
satellite  systems)  or  a  substantial  photoelectron  population 
are  present,  these  limiting  criteria  will  ehange.  but  even  so 
for  most  satellite  studies  they  are  very  useful  (Opik  |1965| 
has  carefully  considered  this  issue  of  the  appropriate  screen¬ 
ing  criteria  for  the  general  case  of  an  arbitrary  central  force). 

As  a  hrst  example,  consider  a  large  structure  such  that 
the  characteristic  .scale  of  the  sheath  is  significantly  smaller 
than  r..  the  radius  of  the  surface  (the  thin  sheath  assump¬ 
tion).  Assuming  at  the  surface  (X  =  r.)  the  potential  is  V„ 
and  that  the  surface  is  nearly  planar  relative  to  the  sheath 
dimensions,  at  distance  Y(  =  X  -  r»)  from  the  surface  (only 
the  attracted  species  is  considered) 

Poisson's  Equation  -4  rr  q  n(Y)  (7.13a) 

dY- 

■  Current  continuity 

J  =  q  n(Y)  v(Y)  =  constant  (7.13b) 

The  particles  are  assumed  to  have  E  =  0  in  the  ambient 
space; 

Energy  conservation 

^  mv(Y)-  +  q  V(Y)  =  0.  (7.13c) 


In  order  to  solve  these  equations,  it  is  as;..i  ,ed  that  V  and 
dV(Y)/dY  are  0  at  some  distance  Y  =  S  which  determines 
the  sheath  thickness  (called  the  '  space-chi' ge  limited”  as¬ 
sumption).  The  solution' becomes 


This  is  the  “space-charge  limited  diode  model"  solution  or 
Child-Langmuir  model  for  a  plane.  If  J  is  replaced  by  J„  =  K* 
qn„  (kT/m)' '  (where  (2  ir)  '  -  <  K*  <  1,  the  lower  limit 
corresponds  to  Equation  (7.4b);  the,  upper  limit  is  for  a 
monoenergetic  flow  of  energy  E  =  (/2  kT)  then  the  sheath 
thickness  can  be  estimated: 


This  sheath  thickness  determines  the  region  over  which  charge 
is  collected  and  is  important  in  determining  the  maximum 
current  that  can  flow  to  a  probe  for  a  gi'/en  V. 

Although  seldom  utilized  in  spacecraft  charging  calcu¬ 
lations.  a  form  of  Equation  (7. 14)  was  employed  by  Beard 
and  Johnson  1 1 96 1 1  to  obtain  the  potential  to  which  a  vehicle 
can  be  charged  by  an  electron  emitter  in  the  ionosphere. 
This  calc'ilr.tion  placed  an'  upper  limit  on  tlie  current  that 
could  be  drawn  at  a  given  potential  ignoring  magnetic  field 
shielding  effects.  When  included  [Parker  and  Murphy,  1967], 
the  maximum  current  was  reduced  by  as  much  as  a  factor 
of  10.  Linson  |1969|.  including  turbulence,  found  values 
between  these  limits,  however.  These  studies  imply  that  a 
1  m  sphere  emitting  a  0.5A  electron  beam  at  shuttle  altitudes 
would  have  a  ptrtential  of  IO'’-10'’V.  depending  on  the  mag¬ 
netic  field  [Liemohn.  1977),  thereby  seriou.sly  inhibiting  a 
10-100  keV  beam.  Recently.  Parker  [1980]  (see  also  Ken- 
nerud  11974],  McCoy  et  al.  [1980],  and  Parks  and  Katz 
[  1981  ]).  in  order  to  estimate  the  sheaths  around  large  space 
structures,  have  developed  an  analytic  expansion  for  the 
thin  sheath  approximation  to  a  sphere.  He  has  investigated 
the  applicability  of  this  estimate  of  the  sheath  to  extremely 
high  applied  potentials  in  the  ionosphere  by  comparing  it 
to  the  results  of  a  self-consistent  numerical  calculation  (see 
Section  7.4.2).  Although  his  rigorous  computations  (for  a 
Debye  length  to  satellite  radius' ratio  of  1  to  KX))  deviate  at 
low  potential  values  (qV/kT  S  10)  from  the  space  charge 
limited  model,  the  lesults  approach  each  other  for  very  high 
potentials  (qV/kT  -  400  000). 

The  preceding  theory  concerning  the  tbir.  sheath  assumes 
that  .sheath  effects  dominate  the  current  flow  to  the  satellite. 
This  places  emphasis  on  Poisson's  equation  and  the  space 
charge  around  the  satellite.  In  the  opposite  extreme,  the 
sheath  and  space  charge  are  ignored  m  that,  to  first  order, 
Laplace’s  equation  holds.  In  practical  terms  this  translates 
into  the  assumption  that  X,,^  r..  For  spherical  symmetry, 
conservation  of  energy  and  angular  momentum  imply  that 
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for  an  attracted  particle  approaching  the  satellite  from  in¬ 
finity 

^  m  vf,  =  ^  m  V  (r,)^  +  q  V(r,)  (7.16a) 

m  R|V„  =  m  r,v  (r,)  (7.16b) 

where  v„  is  the  velocity  in  ambient  medium,  R  is  the  impact 
parameter,  and  R|,  is  the  R  for  a  grazing  trajectory  for  a 
vehicle  of  radius  r,. 

Solving  for  the  impact  parameter  R|  (only  particles  hav¬ 
ing  R  <  R|  will  reach  rj: 


and  for  the  repelled  species  J)  -  e  ^  where 


Qi»  =  (+  for  electrons,  -  for  ions)  (7.21) 


The  current-voltage  characteristics  implied  by  Equations 
(7.20)  and  (7.21)  for  the  three  geometries  are  plotted  in 
Figure  7-16.  Several  important  conclusions  can  be  dr.wn 
from  Equations  (7.20)  and  (7.21)  and  Figure  7-16.  First 
Prokopenko  and  Laframboise’.s  results  for  a  sphere  are  iden¬ 
tical  to  Equation  (7.18)  (with  'I2  mv^  replaced  by  kT.)  for 


R?  =  rf  ( 1  -  (7.17) 

\  mvj  / 

(Ri  -  u)  is  equivalent  to  the  sheath  thickness  S  defined  for 
a  thin  sheath  as  it  also  is  the  size  of  the  .region  from  which 
particles  can  be  drawn. 

The  total  current  density  striking  the  satellite  surface  for 
a  monoenergetic  beam  is 


J(V)  = 


1 

4  inf 


2qV(r.)V 
mvf  / 


(7.18) 


where  I  is  the  total  current  to  spherical  satellite  equal  to  the 
ambient  current  that  would  pass  through  an  area  4  ir  R|  and 
J„  is  the  ambient  current  density  outside  the  sheath  equal  to 
1/4  irRf.  This  is  the  so-called  “thick  sheath,  orbit-limited” 
current  relation. 

The  thick  sheath  results  are  readily  extended  to  more  com¬ 
plex  distributions.  For  niost  spacecraft  charging  problems, 
Boltzmann's  equation  (Equation  (7.1 1))  in  the  absence  of 
collisions  reduces  to  Liouville’s  theorem.  For  a  complex 
distribution  function.  F.  Liouville's  theorem  states  that: 

F(v)  =  F'(v')  (7.19) 


where  F'  and  v'  are  the  distribution  function  and  velocity 
at  the  surface  of  the  spacecraft.  F  and  v  are  the  amoient 
distribution  and  velocity  at  the  end  of  the  particle  trajectory 
connected  to  the  satellite  surface  where  F'  and  v'  are  meas¬ 
ured.  Prokopenko  and  Lafromboise  (1977,  1980]  have  de¬ 
rived  (based  on  Equation  (7.19)).  in  more  general  terms  the 
current  density  to  a  sphere,  infinite  cylinder,  and  infinite 
plane  (that  is,,  three-,  two-,  and  one-dimensions)  for  a  Max- 
well-Boltzmann  distribution  for  the  orbit-limited  solution. 
Their  results  (see  oi.^inal  derivation  in  Mott-Smith  and 
Langmuir  1I926|)  for  the  attracted  species  are 


<1  +  Q„) 

|2(Qi,/ir)'  -  +  e^"  erfc  (Q,,''')] 
(I) 

V 


Sphere 

Cylinder 

Plane 

(7.20) 


independent  of  geometry  depends  on  geometry 

Piguir  1-16.  (Qualitative  behavior  of  Equations  (7.20)  and  17.21)  for  a 
Langmuir  probe  {Parker  and  Whipple,  1967).  iReprinled 
with  permission  of  Academic  Press  P  l%7) 

a  thicK  sheath.  It  should  also  be  readily  apparent  that  the 
planar  solution  is  conceptually  equivalent  to  a  thin  sheath. 
Thus,  Equation  (7.20)  additionally  gives  a  qualitative  pic¬ 
ture  of  how  the  probe  characteristics  cliange  as  the  ratio  of 
the  Debye  length  to  satellite  radius  is  varied  from  small 
values  (thin  sheath  or  planar)  to  large  values  (thick  sheath 
or  spherical).  This  was  done  explicitly  by  Whipple  et  al. 
1 1974]  and  Whipple  1 1977)  for  the  ratio  of  the  Debye  length 
to  satellite  radius  and  is  closely  related  to  the  parametrization 
method  of  Cauffman  and  Maynard  [1974). 


7.4.2.  Analytic  Probe  Theory 
Thick  Sheath  Models 

At  this  point  a  complete  anal.’tic  theory  for  the  case  of 
a  thick  sheath,  spherical  probe  has'  been  developed.  Sub¬ 
stituting  into  Equation  (7.10)  and  assuming  that  the  sec¬ 
ondary  and  backscatter  terms  c.m  be  parametrized,  for  an 
ambient  Maxwellian  plasma 
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A^  Jm.  11  -  SE(V.T,  .r 

•  exj^qV/kTh) 

-  A,  Jh,  H  +  SI(V.T„n,)| 

~  Apn  ■  Jpiio  ‘  ftXm)  =  It 
where 

J»>  =  ambient  electron  current  density 
{Equation  (7.4)| 

Jki  -  ambient  ion  current  density  (Equation 
(7.4)1 

At,  =  electron  collection  area  t4  rr  it  for  a 
sphere) 

A|  =  ion  collection  area  (4  rr  rt  for  a  sphere) 

ApH  =  photoelectron  emission  area  (it  if  for  a 
sphere) 

SE,  SI.  BSE  =  parametrization  functions  for  secondary 
emission  due  to  electrons  and  ions 
and  backscatter 

JpiKi  =  saturation  photoelectron  flux  (Table  7-4) 

f(Xm)  =  percent  of  attenuated  solar  flux  as  a 

function  of  altitude  X„,  of  center  of  sun 
above  the  surface  of  the  earth  as  seen 
by  satellite. 

Equation  (7.22)  is  appropriate  for  a  small  (<I0  m),  uni¬ 
formly  conducting  satellite  at  geosynchronous  orbit  in  the 
absence  of  magnetic  field  effects.  To  solve  the  equation.  V 
is  varied  until  I,  =  0.  A  numfe  of  exen  ,-tes  of  this  pro¬ 
cedure.  assu.ning  SI  =  SE  =  BSC  -  0.  are  tabulated  in 
Table  7-3  ^or  '.  arious  plasma  regions. 

If  it  IS  assumed  that  SI.  SE.  and  BSE  are  constants  (that 
is.  ~3..  -'0.4.  and  —0.2  for  Al).  then  Equation  (7.2) 
predicts  [Garret'  and  Rubin.  I978|  that  in  eclipse,  the  po¬ 
tential  between  the  satellite  and  space  is 

V  «  -T,:  (7.23) 

The  satellite  to  space  potentials  observ'ed  by  UCSD  elec¬ 
trostatic  detectors  for  twenty-one  ATS  5  and  four  ATS  6 
eclipses  arc  plotted  in  Figure  7-17  versus  the  electron  tem- 
oerature.  As  the  geosynchronous  plasma  is  not  necessarily 
Maxwellian,  tw'o  different  "temperatures,"  T.,  (AVG) 
(-2/3  ■  energy  density, number  density)  and  T„  (RMS) 

(  -  1/2  ■  energy  flux/number  flux),  are  presented  (these  would 
be  equal  if  the  plasma  w  as  actually  Maxwellian).  The  agree¬ 
ment  is'  go<xf  considering  that  the  range  of  potentials  is 
between  -  300  V  and  -  10  (XX)  V.  The  existence  of  a 


, )  -  BSE  (V.TTm  )! 

=  0  V  <  0 
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higure  7  17.  Observed  icmperalurc  of  ambient  electrons  versus  satellite 
potential  in  eclipse.  T..t  AVG  Ms  two  thirds  of  energy  density/ 
'  number  density:  T.dRMS)  is  one  half  of  energy  ftux/number 
flux. 


threshold  temperature  below  which  charging  does  not  occur 
'  is  real  and  is  due  to  the  fact  that  at  an  intermediate  energy 
(usually  a  few  hundred  eV),  the  secondary  yield  is  greater 
than  1  IRubin  et  al..  1978).  The  electron  temperature  must 
be  several  times  greater  than  this  threshold  energy  before 
charge  buildup  occurs. 

The  agreement  can  be  significantly  improved  for  Figure 
7-17  if  the  actual  ambient  spectra  are  utilized  in  the  inte¬ 
gration  of  Equations  (7.4),  (7.6),  and  (7.7)  instead  of  a 
Maxwellian  in  computing  the  currents.  This  method  of  using 
the  actual  particle  spectra  to  estimate  the  currents  has  been 
extensively  employed  by  DeForest  [1972],  Knott  |1972], 
Garrett  and  DeForest  j  1979],  and  Prokopenko  and  Lafram- 
boise  (1977,  1980]  in  the  calculation  of  satellite  to  space 
potentials  for  geosynchronous  spacecraft.  The  potentials  ol 
Figure  7-17  are  recalculated  in  this  man"er  and  plotted  in 
Figure  7-l8a  jGarrett  and  DeForest,  1979].  Results  are  pre¬ 
sented  both  for  particle  spectra  immediately  before  entry  or 
immediately  after  exit  from  eclipse  ("sunlit")  and  for  eclipse 
(“eclipsed"):  differences  are  attributed  to  the  digitization  of 
the  spectra.  As  the  exact  secondar.  response  of  the  satellite 
surface  was  not  known.  SE.  SI,  and  BSE  were  assumed  to 
follow  the  Al  curves  of  Figures  7-12  and  7-13.  Their  _b- 
sclute  amplitudes  were  then  varied  until  the  observations 
were  fit  in  a  least  squares  sense  ]Garrett  and  DeForest. 
1979]. 

Given  the  validity  of  the  calibration  method,  the  effects 
of  a  varying  photoclectron  flux  on  the  satellite  to  space 
potential  can  be  studied  during  eclipse  passage.  If  the  sat¬ 
ellite  position  is  known,  the  photon  flux  reaching  the  satellite 
can  be  calculated  from  first  principles  jGarrett  and  Forbes 
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Figure  7-  IXa.  Predicted  and  nhserved  pmenliaK  in  eclipse  for  ATS  5  and 
ATS  6,  Solid  syinhols  are  for  calculations  using  the  spectra 
in  eclipse.  Open  symbols  are  for  calculations  using  the 
spectra  measured  in  sunlight 


Figure  7-l8b.  Observed  and  predicted  potentials  for  the  entry  into  eclipse 
of  ATS  6  op  dav  66.  19^.  and  for  eclipse  exit  on  day  59. 
1976. 


1981).  If  the  satellite  surface  materials  were  known,  then 
the  photoelectron  current.  Jrho  •  f(Xm).  could  also  be  cal¬ 
culated  from  first  principles.  Although  the  exact  surface 
response  is  in  actuality  not  known,  adequate  approximations 
can  be  derived  (Garrett  and  DeForest.  1979;  Garreti  and 
Forbes.  1981 J.  JpHo  in  Equation  (7.22)  is  then  varied  to  fit 
observations.  Estimates  of  the  varying  potential  on  ATS  6 
during  eclipse  entry  and  exit  by  this  technique  are  compared 
with  actual  observations  in  Figure  7- 1 8b  (Garrett  and 
DeForest,  1979).  This  eclipse  model  has  proven  valuable 
in  estimating  photoelectron  flux  and  potential  variations  for 
ATS  5.  ATS  6,  Injun  5,  and  P78-2  SCATHA. 

The  results  of  Prokopenko  and  Lafeamboise  ( 1977, 1980|. 
using  the  spectra  suggested  by  Knott  (19721,  are  particularly 
important  tecause  they  established  the  exi.stence  of  muiltiple 
roots  for  Equarion  (7.22)  (see  also  Sanders  and  Inouye  ( 1979|). 
Multiple  roots  imply  that  a  satellite  can  undergo  rapid  volt¬ 
age  variations  in  response  to  small  environmental  pertur¬ 
bations  and  that  adjacent  surfaces  can  come  to  radically 
different  potentiah<  for  the  same  conditions.  To  obtain  their 
result,  they  solved  an  equation  equivalent  to  Equation  (7.22) 
(that  is,  local  current  balance)  for  the  spherical,  the  cylin¬ 
drical.  and  planar  assumptions  of  Equations  (7.20)  and  (7.21) 
and  for  eclipse  conditions.  They  found  that  the  potential  is 
markedly  increased  for  a  planar  probe  relative  to  a  spherical 
probe. 


7.4.3  Analytical  Probe  Theory 

Thin  Sheath  and  Related  Models 

Analytic  probe  theory  can  also  be  utilized  to  estimate 
satellite  to  space  potentials  in  the  250-700  km  range.  As 
discussed  in  Brundin  (1963),  in  the  absence  of  magnetic 
forces,  photoelectrons,  and  secondaries,  Equation  (7.9)  re¬ 
duces  to 

Ae  •  Jeo  •  Ce  •  e‘''"'‘TE-  A,  •  J,R  C,  =  0  (V  <  0)  (7.24) 

where 

J|f,  =  ambient  electron  current  density  (Equation  (7.4)). 

JiR  =  ion  ram  current  density  (ignoring  ion  thermal 
velocity) 

=  qi  n,  V,. 

V,  =  satellite  velocity, 

Ae  ==  electron  collection  area  (4  ir  r,^  for  a  sphere), 

A|  =  ion  collection  area  (t  r,^  for  a  sphere), 
r,  =  satellite  radius 
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Ck  =  eicc'ron  shielding  factor  ( =  I .  no  electron  wake 
assumed;  1/2,  wake 
on  rear  halO. 

C|  =  ion  shielding  factor  {(  =  1 .  complete  shielding  of 
ambient  ions  or  thin  sheath; 

=  (  I  -  no  shielding  or  thick  sheath. 

\  m,v,7 

(Equation  (7.  IH)). 

Samir  liyTS)  and  Samir  et  al.  Il979bl.  assuming  no 
electron  wake  and  no  ion  shielding  (note  that  this  is  a  thick 
sheath  assumption  which  is  usually  inappropriate  in  this 
region),  have  compared  the  prcdicti(ms  of  Equation  (7.24) 
with  observations.  In  spite  of  the  simplicity  of  Equation 
(7.24)  and  the  assumption  of  a  thick  sheath,  they  predict 
the  satellite  to  space  eclipse  p*>tential  (typically  ~  -0.7.SV) 
for  a  large  range  of  ambient  conditions  to  a  factor  of  2.5 
or  better. 

A  simple  approximation  for  estimating  the  current  to  an 
isolated  point  on  a  planar  satellite  surface  in  the  ior  .^sphere 
as  a  function  of  the  surface  normal  relative  to  the  veltKity 
vector  is  that  of  Whipple  1 19591  and  Bourdeau  et  al.  |  l%l  1 
(.see  also  Tsien  1 1946|  and  Chang  et  al.  1 19791); 

Ii  =  (xqn.A,  v^  cos  0(1/2 

L  ae  -n 

+  l/2erf(x)).+  (7.25) 

where 

V.  cos  0  _ 

a  VkTj  ' 

angle  between  sensor  normal  and  veltKity  vector, 
collection  area, 
grid  transparency  function, 
most  probable  ion  thermi*!  vekKity. 

This  equation .  the  so-called  “pianar  approximation”,  is  good 
for  short  Debye  lengths  but  becomes  inaccurate  for  long 
Debye  lengths  [Parker  and  Whipple.  1970)  and  more  com¬ 
plicated  ornita'  trajectory  calculations  must  he  carried  out. 
Even  so.  Bourdeau  et  al.  1 19611  found  it  to  be  a  good 
approximation  to  the  ion  current  relative  to  the  vekKity 
vector  measured  by  the  ion  planar  probe  on  Explorer  8 
(42.5-2300  km  altitude).  Their  results  for  V  =  0  are  plotted 
in  Figure  7-19  (note  that  there  is  some  question  as  to  the 
best  vaiue  for  a,  see  Bourdeau  et  al.  [19611). 

A  simple  analytic  theory  closely  related  to  thin  sheath 
probe  me'hodology  and  capable,  within  limits,  of  explaining 
the  satellite  wake  structure  in  the  ionosphere  has  also  been 
developed.  It  (see  reviews  in  Gurevich  et  al.  11970]  and 
AT  pert  119761)  is  based  on  the  thin  sheath  assumption, 
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h'igua’  7-1*).  VurijiiiHiN  in  Itv.*  pi»Ni!ive  ion  current  klensity  with  an^le 
relative  to  the  vaiefliie  veiiK'ity  vec'U)r.  The  data  and  figure 
aa*  t'nim  Bourdeau  el  al.  ( I%1 ).  T  fitted  line  is  given  by 
Hifuation  (7.29)  with  a  assunred  to  be  .Vb  kni/s:  the  satellite 
potential  is  assumed  to  he  (V 

r.  >  X|,.  the  Debye  length  in  the  ionosphere  being  much 
smaller  than  the  satellite's  characteristic  dimensions.  This 
allows  the  neglect  of  the  effects  of  the  satellite  potential 
except  very  close  to  the  satellite  surface.  The  left  hand  side 
of  Equation  (7.10)  can  then  be  ignored,  so  that  it  becomes: 

n^-n,  *0  '7.10*) 

This  is  the  so-called  ‘‘quasi-neutrality"  assumption  |for  ex¬ 
ample.  Gurevich  et  al..  1966,  1968,  1973;  Grebowski  and 
Fischer.  1975;  Gurevich  and  Dimant.  1975;  Gurevich  and 
Pitaveskii.  19751.  Equation  (7.11)  for  the  ions  can  be  re¬ 
duced  by  making  use  of  the  "hypersonic"  character  of  the 
motion  of  a  body  in  the  ionosphere  (that  is,  M,  the  square 
root  of  the  ratio  of  the  ion  kinetic  energy  to  electron  thermal 
energy,  is  much  greater  than  I).  First,  this  implies  that  the 
gradient  of  the  potential  perpendicuhr  to  the  flow  direction 
is  much  greater  than  the  gradient  along  the  flow  direction 
so  that  this  latter  term  can  be  ignored.  Second,  the  thermal 
velocity  of  the  ions  iii  the  direction  along  the  flow  direction 
can  be  neglected  relative  to  the  satellite  velocity  v.  in  the 
ionosphere.  Based  on  these  assumptions.  Equation  (7.11) 
for  ions  can  be  rewritten  as 


+  V, 


flfi 
rlf . 


iL  §1  . 

mi  i'tr  j  f)v , 


=  0  (7.11*) 


where  r j  and  v  ^  correspond  to  comp<inents  normal  to  the 
direction  of  motion  and  z  is  in  the  v.  direction. 

For  the  electrons,  a  Boltzmann  distribution 
(ni.  =  niio  •  exp  (qV/KTj;))  is  usually  assumed.  The  re¬ 
sulting  system  of  equations  for  the  ions  does  not  contain 
the  ion  thermal  velocity  along  the  direction  of  motion  and 
can  be  put  into  a  dimensionless,  self-similar  form  lAl’pert 
et  al.,  1965;  Gurevich  et  al.,  19701  that  resembles  classical 
hypersonic  aerodynamic  equations.  Depending  on  the  char- 
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actehstics  of  the  assumed  plasma  conditions,  the  wake  vari¬ 
ations  for  a  number  of  simple  geometries  can  be  analytically 
solved.  These  range  from  the  extreme  assumption  of  a  true 
neutral  flow  as  reviewed  in  Gurevich  et  al.  1 1970|  and  APpert 
1 1 976 1 — charged  particle  variations  in  the  wake  mirroring 
the  neutral  variations-— to  plasma  flows  artrund  infinite  half¬ 
planes,  wedges,  plates,  cylinders,  and  discs.  The  predictions 
for  one  such  analytic  soliltion  IGurevich  et  al..  1970)  are 
compared  with  Explorer  .1 1  observations  in  Figure  7- 1  ^  from 
Samir  and  Wrenn  1 1%9|  for  various  distances  r/r.  from  the 
satellite.  The  theory  is  not  considered  reliable  at  angles 
greater  than  —  1 20°  as  the  electron  density  can  differ  greatly 
from  the  ion  density  in  this  region  of  maximum  rarefaction 
IGurevich  et  al..  I970|. 

Although  severe  constraints  (primarily  r,  >  X|>  and  ne¬ 
glect  of  the  ion  thermal  velocity)  have  been  placed  on  the 
realm  of  applicability  of  this  "hypersonic."  quasi-neutral 
theory,  it  does  allow  the  analytic  study  of  the  effects  of 
geometry,  magnetic  field,  and.  of  more  importance,  ionic 
composition  on  the  wake.  As  discussed  in  Gurevich  et  al. 
(1970.  I973|  and  Samir  et  al.  |I980|,  variations  in  ion 
composition  play  a  critical  role  in  the  details  of  the  expan¬ 
sion  of  the  ion  population  into  the  rarefied  wake  region 
behind  the  satellite.  Although  these  results  are  useful,  in 
most  practical  situations  a  finite  Debye  length  is  a  necessary 
assumption.  This  greatly  complicates  any  theoretical  com¬ 
putation  and  requires  the  advanced  probe  theory  of  Section 
7.4.4. 

An  application  of  analytic  prirbe  theory,  based  on  local 
current  balance  is  in  the  so-called  circuit  models.  The  single 
probe  theory  intrtxluced  so  far  does  not  explicitly  consider, 
the  problem  that  satellites  consist  of  a  variety  of  surfaces, 
including  dielectrics,  and  that  each  surface  can  charge  to  a 
different  potential  if  isolated  from  the  others.  In  order  to 
explicitly  model  this  differential  charging  effect,  the  cou¬ 
pling  currents  between  surfaces  must  be  included  in  Equa¬ 
tion  (7.9).  Circuit  models  (Robinson  and  Holman.  1977; 
Inouye,  1976;  Massaro  et  al..  1977).  ns  this  class  of  models 
is  termed,  consist  of  many  "probes,"  each  representing  a 
particular  point  or  surface  on  the  satellite  (a  dielectric  sur¬ 
face.  for  example,  would  be  approximated  by  one  or  more 
individual  pt?ints).  Besides  the  ambient,  secondary,  back- 
scattered.  and  photoelectron  currents  considered  in  the  sin¬ 
gle  probe  model,  the  coupling  currents  to  each  point,  Jri.c. 
are  included  in  J  to  estimate  the  currents  between  surfaces. 
Time  variations  are  explicitly  handled  by  including  induc¬ 
tive  and  capacitive  elements  which  have  finite  charging  times 
(local  current  balance  with  space  is  assumed  at  each  instant 
in  time)  making  these  mixfels  applicable  to  a  wider  range 
of  problems  than  the  single  probe  models.  Inouye  (1976) 
and  Massaro  et  al .  ( 1 977 1  have  utilized  such  models  to  assess 
the  effects  of  geomagnetic  storm  variation,  varying  solar 
angle,  isotropic  fluxes,  etc.,  on  individual  satellite  surfaces 
as  a  f  mc'iion  of  time.  Their  results,  although  subject  to  the 
difficulties  associated  with  simple  probe  analysis,  indicate 


that  dielectric  suifaces  can  charge  in  tens  of  minutes  but 
may  take  hours  to  discharge.  Further,  charge  up  can  be  a 
long  term  (days)  process  and  be  dependent  on  the  time 
history.  ' 


7.4^4  General  Probe  Theory 

Whereas  analytic  probe  theory  is  applicable  to  a  number 
of  practical  problems,  it  does  not  allow  for  the  complex 
geometric  and  space  charge  effects  of  the  satellite  sheath 
on  particle  trajectories.  As  a  consequence,  it  is  severely 
limited  in  its  quantitative  accuracy  (the  parametrization  method 
of  Cauffman  ( I973(;  Cauffman  and  Maynard  ( 1974);  is  one 
qualitative  means  of  studying  these  effects  using  analytic 
probe  theory).  In  order  to  include  the  effects  of  the  sheath 
on  particle  trajectories,  it  is  necessary  to  seek  simultarieous. 
self<onsistent  solutions  of  Equations  (7.10)  and  (7.11). 
Typically,  this  is  not  analytically  possible  and  an  iterative 
procedure  must  be  employed.  First,  V  (r)  is  assumed  so 
that  f,  (r,v)  can  be  computed  subject  to  Equation  (7. 10). 
The  number  densities.  n„  are  then  v  -d  from 

n.  (r)  =  ///ft  (r,v)  d'V.  (7.26) 

Given' the  n^  (r),  V  (r)  is  computed  according  to  Equation 
(7. 10).  The  process  is  iterated  until  a  consistent  set  of  value 
of  n,(r).  V(r).  and  f  (r,v)  at  grid  points  surrounding  the 
surface  arc  found.  Then  the  J,'s  at  the  surface  r,  are  found 
from  the  generalized  form  of  Equation  (7.4) 

Ji  (r.)  =  qt  ///  V  •  n  f(r„v)  d'V.  (7.27) 

The  theories  to  be  discussed  assume  the  time-indepen- 
dent  form  of  the  Vlasov  equation.  Equation  (7.10)  is  then 
just  a  restatement  of  Liouville's  theoiem,  namely,  that 
fi  (r.v)  is  constant  along  a  particle  trajectory  in  a  potential 
V(r).  To  determine  f,  (fp.v)  at  a  point  Fp  for  a  particle  of  a 
given  energy,  all  that  is  required  is  to  find  the  inters^tion 
of  that  particle's  trajectory  with  a  surface  where  f,  is  known. 
The  trajectory  may  either  be  traced  from  the  point  backwards 
to  the  surface  (the  inside-out  procedure)  or  from  a  surface 
to  the  point  (outside-in  procedure).  According  to  Parker 
( 1 976a  I .  the  inside-out  trajectory  tracing  method  is  pref¬ 
erable  in  that  (he  points  at  which  the  density  is  calculated 
can  be  picked  at  random  and  is  suitable  for  both  electrons 
and  ions.  It  has  the  disadvantage  that  the  trajectory  infor¬ 
mation  computed  for  a  given  point  is  lost  in  moving  to  the 
next,  increasing  the  computer  time.  The  outside-in  method 
can  be  readily  adapted  to  lime-dependent  simulations  but 
intoxluces  difficulties  in  chotwing  trajectories  so  that  the 
density  at  an  arbitrary  point  can  be  determined.  As  a  result 
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many  timc-con>uniing  Irujcctdry  calculations  are  required. 
The  computation  can  be  greatly  reduced,  however,  by  using 
the  "flux  tube"  method.  As  Parker  |l‘J76a|  notes,  this  ad- 
apt;.:ion  of  the  outside-in  methixl,  in  which  all  the  particle 
trajectories  between  two  reference  trajectories  arc  assumed 
to  he  similar,  ignores  the  possibility  of  orbit  crossings  or 
reversals  and  is  only  suitable  for  axisymmctric  bodies  and 
cold  ion  beams  {Davis  and  Harris.  1961).  Unless  iHherwisc 
stated  Parker's  insidc-out  method  is  assumed  in  the  follow¬ 
ing.  The  integration  of  Equation  (7.26)  then  reduces  to 
determining  the  limits  on  the  trajectories  that  intersect  fp  as 
those  will  be  the  limits  on  the  integral. 

The  precise  methrxl  of  determining  the  trajectories  that 
intersect  fp  differentiates  the  various  probe  calculations  { Par¬ 
ker.  l97Xb.  1981)].  Common  to  all.  however,  is  the  so- 
called  orbit  classilication  scheme.  Consider  the  following 
arguments  from  classical  mechanics  (t  ec  for  example.  Gold¬ 
stein  |l%5|.  Bemstoin  and  Rahinowitz  (19591.  Whipple 
|  l976aj.  Parker  (1977.  1980j).  The  equation  for  energy- 
conservation  in  a  spherically  symmetric  potential  V(r)  is 

E  =  l^q,  V(r)  +  j  +  ^  m  v;  (7.28) 

where  H  is  total  energy.  L  is  m  v.,r  =  angular  momentum. 
Vj  is  total  tangential  velrKity.  and  v,  is  radial  vehKity. 

The  two  tenns  in  brackets  are  called  the  "equivalent  (or 
effective)  potential"  U(r.L)  (Goldstein.  1965].  For  illustra¬ 
tion  assume  the  potential  V(r)  is  attractive  and  of  the  form 


Fiiiurc  7-20a.  The  ■’ck;ui\iilcnl  polcnlial”  I-  <r.L)  as  a  funclion  of  r  for 
variouv  values  t)f  L. 


CHARGING  OF  SPACECRAFT  SURFACES 

r  '.  For  variiHis  values  of  L  we  find  that  U  has  the  shapes 
plotted  in  Figure  7-2()a.  laxvking  at  the  contour  Lp.  four 
types  »>f  orbits  can  be  defined  relative  to  point  r  =  r,.  Adopt¬ 
ing  (he  terminology  of  Parker  ( 197.^.  I980(.  they  are  (Figure 
7-20b)  as  follows: 

Tvpi’  /;  The  particle  has  sufficient  kinetic  energy  and 
small  enough  angular  momentum  to  reach  r.  from  infinity 
or  to  reach  infinity  from  point  r..  These  orbits  would  con¬ 
tribute  only  once  to  a  density  integral  at  r.. 

Type  2:  The  particle  starts  at  infinity  but  never  reacbes 
r..  being  repelled  at  stime  minimum  distance.  If  th.-  mini¬ 
mum  distance  is  inside  the  region  being  integrated  over,  it 
contributes  twice  as  it  goes  both  in  and  out  (Parker.  I980| 
and  zero  if  it  is  outside  the  regie- ■  of  interest. 

Type  3:  The  particle  starts  at  i,.  but  is  reflected  at  some 
distance  back  to  r..  These  particles  contribute  twice  to  the 
integral  if  r.  lies  outside  the  turning  point. 

Type  4:  Type  4  orbits  arc  trapped  orbits  that  circulate 
amund  the  satellite.  These  arc  normally  ignored  as  the  orbits 
can  only  be  populated  by  collisions  that  are  assumed  zeni 
in  most  satellite  studies.  As  Parker  ( I980|  notes,  this  as¬ 
sumption  has  never  been  justified  rigorously. 

As  a  specific  example  of  these  calculations,  we  will 
review  the  spherically  symmetric  models  of  Parker  (1973, 
1975.  1976b.  I98()|.  These  models  have  been  successfully 
compared  to  the  "Equivalent  Potential  Formulation"  (Par¬ 
ker.  I975(  and  the  particle-pushing  cixle  of  Rothwell  et  al. 
(19761  (Figure  7-23a).  The  typical  proceedurc  follows.  As¬ 
suming  spherical  symmetry.  Equations  (7.26)  and  (7,27) 
can  be  reduced  to  two-dimensional  integrals.  It  is  also  more 


Figure  7-20h  Same  as  a.  iinlv  for  ihe  l.c  contour  illustrating  ttic  four 
classes  of  orbits. 
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convcnknl  lo  work  in  ienriN  of  b  und  L'  so  (hat  the  ttiuations 
become 


jr_  f  f  f,(E.L-)  db  dL- 
mV  J  J  (2m  lb  -  q  V(r>l  -  L^r)'  ’ 


(7.29.>> 


J.  (r»  =  ,  f  f  f,  tb.L-’)  db  dL'.  (7.29bi 
m  r  J  J 


The  integrations  are  now  over  the  allowable  ranges  of  b 
and  L'. 

There  are  two  common  ways  of  dcltning  the  allowable 
range  of  integration  in  the  (b.L')  space.  The  first  .xheme 
makes  use  of  the  fact  that  the  energy  b  must  be  greater  than 
Utr)  if  the  trajectories  are  to  exist: 


E  >  [,.  V,„  .  5^]  . 


The  maxima  arc  found  in  U(r).  This  is  the  "Effective  Po¬ 
tential  Formulation"  | Parker.  1980)  and  has  been  utilized 
by  Bernstein  and  Rabinowitz  |I959|.  L;>framboise  |I966|, 
and  Chang  and  Bienkowski  1 1970|. 

The  other  approach  is  lo  define  a  function: 


r  IE  -  q,V(r)|  >  — 


where  g  is  called  the  turning  point  function  |  Parker.  1980). 
To  classify  the  orbits,  the  minima  in  g  are  found.  This 
technique  is  termed  the  "Turning-Point  Formulation"  and 
has  been  utilized  by  Bohm  et  al.  1 1949|.  Allen  et  al.  1 1957). 
Medicus  ( 1961 1.  and  Parker  1 197.1.  1975.  I976b|.  Although 
the  two  methixls  are  equivalent.  Parker  1 1975|  indicates  that 
the  Turning-Point  Formulation  is  simpler  and  more  efficient. 

After  obtaining  cquatuins  of  tlie  form  of  Equations  <7. 29a) 
and  (7.2%).  solutions  are  found  at  a  given  point  in  space 
assuming  V(r)  is  known.  That  is.  Equations  (7.29a)  and 
(7.29b)  are  broken  up  into  integrals  corresponding  to  the 
different  orbit  types  (note  that  type  4  orbits  are  normally 
ignored),  f,  (E.i.-)  is  assumed  known  at  the  probe  surface 
(0  for  no  emission  or  the  appropriate  values  for  secondary 
or  photoelectron  emission)  and.  typically,  assumed  to  be  a 
Maxwellian  in  the  ambient  medium. 

The  next  step  is  to  determine  the  integral  bounds  on  E 
anu  L’.  A  typical  example  in  terms  of  the  Turning-Point 
Formulation  is  presented  in  Figure  7-21  (Parker.  I980|  and 
should  be  compared  with  Figure  7-20.  For  a  given  value  of 
r  and  E  the  limits  on  I.'  are  determined.  Once  the  integral 
ranges  of  E  and  L’  are  known  for  r.  n,(r)  and  J^r)  are 
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701.  Tuming-pnini  fiimwIaiHin  of  Puker  IPWOI  Example  iltus- 
Inning  (liHiuins  of  four  types  of  orbits  in  iR.  LK'I  space. 
Four  in  this  phn  is  in  units  ol  r.. 


computed.  V(r)  is  found  by  numerical  integration  from  Pois¬ 
son's  equation  given  the  n,(r)  at  grid  points  around  the.  sur¬ 
face.  The  priKCss  is  then  iterated  until  a  consistent  solution 
is  founri.  Recently.  Parker  ( 1979. 1980)  employed  the  s-nher- 
ically  symmetric  model  to  calculate  the  sheath  of  a  txxly  of 
radius  KK)  Debye  lengths  and  for  a  voltage  of  400  (X)0  kT/q. 
the  most  extreme  combination  of  size  and  voltage  solved 
rigorously  to  date. 

More  gel.^eral  geometric  situations  require  actual  nu¬ 
merical  trajectiny  tracing  and  are  discussed  in  Parker  1 1973: 
1977;  1978a.  b;  I979|.  Parker  and  Whipple  |1%7.  1970). 
Whipple  I  I9'>7t.  .md  Whipple  and  Parker  [  l%9a.  b|.  While 
the  above  prucedu>e  for  spherical  symmetry  is  qualitatively 
representative  of  the  calculations  cepresented  by  these  pa¬ 
pers.  numerical  particle  tracing  is  required  if  more  realistic 
geometries  such  as  fo'-  the  truncated  cylinder  or  "pillbox" 
illustrated  in  Figure  7-.72  are  to  be  studied.  The  final  po¬ 
tential  contours,  in  this  case  for  a  directed  plasma  flow 
showing  the  effects  of  a  wake  (Parker.  1978al.  arrived  at 
by  the  iteration  process  an.  plotted  in  Figure  7-22. 

The  preceding  theoretical  studies  of  Parker,  Whipple, 
and  others  have  been  particularly  useful  in  studying  the 
effects  of  differential  charging  and  space-charge  potential 
minima.  Differential  charging.  distinct  from  space-charge 
potential  minima,  has  been  demonstrated  by  these  and  sim¬ 
ilar  efforts  to  result  from  wake  effect.'!  (Parker.  I%7a.  1978a. 
f'l.  from  asymmetric  photoelectron  emission  (see.  for  ex¬ 
ample.  Giard  et  al.  ( 19731;  Fahleson  ( 1973);  Whipple  ( 1976bl; 
Prokopenko  and  Laframboise  ( 1977b.  I980|;  Besse  and 
Rubin.  (19801).  and  from  exposed  potentials  (Reiff  et  al. 
(19801;  Stevens  (19801).  The  effects  of  the  space-gharge 
piriential  minimum  pnxluced  by  emitt^-electron  space  charge 
has  been  investigated  by  &x>p  ( 1972,  1973|.  Schroder  (19731. 
Parker  ( I976bl.  Whipple  ( 1976a|.  and  Rothweil  et  al  ( 19771 
(see  also  Guernsey  and  Fu.  1970;  Grard  and  Tunaley.  1971 ; 
andGra.'detal..  I973|.  Whipple  1 1 976b|  and  Parker!  1 976al 
found  that  such  barriers,  which  are  typically  a  few  volts, 
are  inadequate  to  account  for  the  ATS  6  observations  of 
trapped  photvielectrons  and  secondaries,  and  that  a  differ¬ 
ential  charging  barrier  must  be  invoked  Such  charging  bar¬ 
riers  can  significantly  affect  observations  and  their  existence 
must  be  considered  in  designing  satellite  instrumentation. 
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Figure  7-23  Differcnliul  charging  of  notKimducling  siiacccrafi  hy  di- 
rcclcd  pla<>tria  liow  l«|uipo<cnlial  conlourN  arc  in  units  of 
kT/ql  IParier.  l<f7Ha|. 

7.4.5  Numerical  Simulation  Techniques 

Although  general  probe  theory  can  be  applied  to  a  num¬ 
ber  of  interesting  and  important  cases,  it  has  not  been  ex¬ 
tended  much  beyond  spherical  or  cylindrical  geometries  nor 
does  it  take  into  consideration  time  variations  in  the  sheath. 
Numerical  techniques  have  been  developed  that,  though 
retaining  many  of  the  basic  concepts  of  probe  theory,  allow 
explicit  inclusion  of  time  dependency  or  geometry.  These 
mtxlels  are  capable  of  handling  time  variations  on  the  order 
of  the  plasma  frequency  or  complex  shapes  such  as  the 
shuttle  or  the  P78-2  SCATHA  satellite. 

The  most  straightforward  numerical  techniques  concep¬ 
tually.  though  perhaps  the  most  demanding  computation¬ 
ally.  are  the  so-called  “particle  pushing”  codes.  As  origi¬ 
nally  presented  by  Albers  ( 1973]  and  Rothwell  et  al.  1 1976. 
I977|  for  a  spherical  geometiy  and  by  Soop  |I972.  I973| 
and  Ma/zella  et  al.  |I979|  for  cylindrical  geometry,  many 
individual  or  groups  of  similai  particles  are  followed  si¬ 
multaneously  by  computer  as  they  move  through  the  satellite 
sheath.  At  each  time  step  the  potential  on  a  given  particle 
or  set  of  particles  due  to  all  the  other  particles  is  computed 
by  a  fast  Poisson  equation  solver.  The  particle  group  is 


charging;  of  spacecraft  surfaces 

incremented  in  tinx*  using  this  net  potential.  The  next  group 
is  then  moved  based  on  the  other  particles.  The  pnx'ess  is 
iterated  in  tiiiK  with  the  computer  keeping  track  of  surface 
interactions  (back scattered  and  secondary  electrons,  pho¬ 
toelectrons.  and  the  ituter  boundary  )  and  interactions  be¬ 
tween  the  satellite  fields  and  the  particles.  Although  plasma 
simulation  codes  of  this  type  have  been  extensively  em¬ 
ployed  in  plasma  physics,  they  arc  just  beginning  to  be  used 
for  the  plasma  probe  problem. 

Although  stilt  limited  by  computer  capacity  to  rclativcly 
Simple  spherical  and  cylindrical  geometries,  these  naxlcls 
have  been  invaluable  in  studying  the  detailed  effects  of  space 
charge  and  the  time-history  of  the  plasma  sheath.  Results 
for  a  spherical  mtxlel  of  this  type  from  Rothwell  ct  al.  j  1976. 
1977|  arc  presented  in  Figures  7-23a  and  b.  Of  considerable 
interest  arc  comparisons  in  Figure  7-23a  between  the  code 
and  a  steady  state  solution  for  the  case  of  strong  electron 
emission  |the  "PARKS.SG”  code  of  Parker.  1 976b |.  The 
pnibe  in  this  case  was  biased  at  +  2  V  and  the  electrons 
emitted  at  an  energy  of  leV.  the  other  parameters  are  as 
indicated  (secondary  emission  has  been  ignored).  The  re¬ 
sults  are  meant  to  resemble  isotropic  photoemission  and 
show  very  good  agreement  between  the  two  very  different 
types  of  codes.  Figure  7-23b  illustrates  the  important  ability 
that  such  cixles  have  in  simulating  the  time-dependent  be¬ 
havior  of  satellite  charging  following  the  tum-on  of  pho- 
tocmission  as  a  function  of  different  ambient  conditions. 
The  rapid  (2-IO)is)  rise  time  of  the  probe  in  respome  fp 

SmOMG  EMISSION  COMPARISON  OF  STEADY  STATE  (RARKSSG) 
WITH  TIME  SIMULATION  (AFGL-SHEATH) 

•  tm 

EMISSION  CURRENT  ■  10'*  omp/m* 

EMISSION  ENERGY  <  ItV  (iTKmtftcrSPtic  tMCtrpnt) 

.  EMISSION  DENSITY  *21 1 /cm’ 

AMBIENT  TEMPERATURE  •  S(V  (MoiMlIiOnf 
AMBIENT  DENSITY  ■  I /cm’ 

•0  *  Sphert  Pottntiol  (quoti  ••quHibrium) 
vft.  ♦iVtquilibrium 


Fijiurc  r*  •.inp;«riM»n  ot'sieaJs  snik’  shcalh  jHrtenlia!  anj  densilv  ft>r 

2  mt^cK:  fhe  Mcadv  sta’c  P,\RKSS(i  cikIc  and  ihc  Af  CiL- 
SHI:A1H  c  xIc  IRojhkkcll  ct  al  .  1^77) 
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SATfLLITE  POTENTIAL  PON  A  STNONG  PHOTOEMISSION 
AND  VANKNJS  AMBIENT  PLASMA  DENSITIES 
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Ft^uic  7-yb  Spacixmll  vollj^c  inn^icnK  fiilhming  ihc  "tunmo”  i>f  the  plaMiw  at  I  =  0.  The  revulls  are  fiir  a  sphere  tmi  seeimdary  einissiofil.  o  is  the 
ralm  phtHtielesimn  lo  amhicnl  eleelnm  lemperiture.  and  En,.  is  Ihc  mean  energy  of  the  photiKleslrons  assumed  In  he  Matwcllian 
IR.ahsicll  el  al  .  If77|. 


the  tum-on  of'photoemiNiiion  could  be  signilicani  in  causing 
satellite  transients  as  only  ~2  V  are  necessary  to  trigger 
many  circuits. 

The  cylindrical,  particle  pushing  ccxle  AFSIM  (Air  Force 
Satellite  /ntcractipns  Model )  1  Ma/./ella  et  al . .  1 979|  has  been 
employed  to  follow  the  effects  of  an  electron  beam  emitted 
by  a  satellite.  A  .W)  eV  beam  at  200  p.A  was  emitted  into 
a  vacuum  from  a  satellite  initially  at  0  potential.  The  com¬ 
putations  showed  that  the  satellite  potential  rose  to  +  300 
V  at  36  p.s.  at  which  point  a  portion  of  the  beam  was  trapped 
in  the  sheath  and  began  to  orbit  the  satellite.  A  space-charge 
i^'tntial  formed  four  spacecraft  radii  away  with  most  of 
me  beam  being  reflected  back  to  the  satellite.  Figure  7-24 
shows  the  configuration  6.*)  p-s  after  turn  on.  The  circle 
represents  the  satellite  and  the  beam  is  visible  as  a  collimated 
source  while  the  comet-like  structure  to  the  right  ir;  the  cloud 
of  previously  trapped  beam  electrons  orbiting  the  satellite. 


7.4.6  NASCAP 


Particle  pushing  cixles  are  very  useful  m  studying  the 
detailed  behavior  of  particles  in  time  and  in  the  sheaths 
surrounding  a  probe.  They  are  still,  however,  limited  to 
relatively  simple  geometries  because  of  computer  limitations 
and  are  subject  to  numerical  instabilities.  Recently  an  al¬ 
ternative  mixiel  has  become  available  that  explicitly  treats 
the  effects  of  geometry.'  This  is  the  NA.SCAP  (NASA  Charg¬ 
ing  Analyzer  Programi  computer  code  |Kat/  el  al..  1977, 


Figure  7-74.  Sheuih  Nimulaiion  using  ihc  AFSIM  cude  |Ma/rella  cl  at.. 

1V7(||  ill  6,S  us  allcr  lurn-v'n  iit  a  .tt)  cV.  3110  u.A  ciccirnn 
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1979;  Schnuelle  ct  al. .  1979;  Roclv;  and  Purvis,  1979;  Rubin 
et  al..  I980|  for  the  thick  sheath  limit  (the  model  is  currently 
being  extended  to  thin  sheaths).  This  code  combines  a  so- 
luti(M)  of  the  Poisson  equation  and  a  probe  charging  model 
alone  with  a  complex  graphics  package  to  compute  the 
detailed  time  behavior  of  charge  deposition  on  spacecraft 
surfaces.  An  approximate  circuit  model  of  the  satellite  is 
used  to  estimate  voltage  changes  during  time  steps  for  an 
implicit  potential  sc.lver.  The  propagation  of  particle  beams 
through  tl.e  satellite  sheat'i  is  computed  by  orbit  tracing  in 
the  sheath  Held.  The  ctxle  has  several  options  available 
ranging  from  a  less-detailed  code  capable  of  calculating  the 
differential  potential  on  a  simple  laboratory  material  sample 
to  a  detailed  code  capable  of  modeling  individual  booms 
and  sensor  surfaces  on  a  complex  satellite  such  as  the  P78- 
2  SCATHA  satellite  I  Rubin  et  al. .  I980|.  The  primary  intent 
of  the  model  is  to  compute  the  effects  of  satellite  geometry 
on  the  satellite  photosheath,  sheath  field,  and  surface  ma¬ 
terial  potentials. 

The  first  step  in  the  NASCAP  model  is  to  insert  the 
satellite '  geometry  and  material  content.  Using  simple 
3-dimensional  building  blocks,  the  code  has  provisions  for 
modeling  surfaces  ranging  from  cubes  and  planes  to  com¬ 
plete  satellites  with  their  booms  and  solar  panels  (Figure 
7-25a).  In  the  second  stage  the  currents  to  the  satellite  sur¬ 
faces  are  computed  by  treating  each  surface  clement  as  a 
current-collecting  probe.  The  inside-out  technique  may  then 
be  used  to  model  the  charge  distribution  in  ”ie  photosheath. 
The  program  is  stepped  forward  in  time,  local  current  bal¬ 
ance  being  assumed  at  each  time  step.  Time-dependency 
and  variations  in  differential  potential  can  thus  be  modeled 
as  demonstrated  in  Figure  7-25b.  The  analysis  is  carried  out 
on  successively  larger,  coarser  nested  grids  (Katz  et  al., 
1977],  allowing  the  trajectories  of  particles  em.tted  from 
the  satellite  to  be  traced  in  the  space  surrounding  the  satellite 
(Figure  7-25c). 

The  N.\SCAP  program  combines  the  best  elements  of 


Figure  7-2.Sa.  NASCAP  computer  simulation  of  the  P78-2  .SC ATHA  sat- 
ellilc  {SchnucUe  et  al.,  19791.  Compare  with  Figutx  7-6. 


me 
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Figure  7-25b  NASCAP  computer  aimulaliixi  time-dependence  of  poten- 
tia!  for  two  wrfaces  on  the  P78-2  SCATHA  satellite 
ISchnuelle  et  ai..  1979). 


the  circuit  element  model,  the  inside-out  technique,  and 
Langmuir  probe  theory  in  one  model  along  with  the  added 
advantage  of  detailed  graphical  resujts.  Unfortunately,  with 
this  gain  in  capability,  the  code  has  become  large  and  re¬ 
quires  hours  of  computing  time  for  the  more  detailed  models. 
Two  steps  have  been  taken  to  alleviate  these  problems.  First, 
efficient  versions  have  been  developed  for  specific  com- 


Figure  7.25c.  Particle  trajectories  from  an  electron  emitter  as  computed 
by  the  NASCAP  code  in  the  presence  of  a  magnetic  field 
[Rubin  ct  al  .  19801 
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Figure  7-2ta.  ()h<«crvc«l  \4iviltic  u»  ^pM.'e  pittcniiai  (P7K-2  SCATHAi  be¬ 
tween  lA.V)  ami  1 7  VI  IT  *>f*  ilay  H7.  AIm>  shmvn 
nn  NA5»CAP  predktHms  fitr  the  sa'fic  peritid  (Schnucilc  et 
al  .  t«Mlf 


putaiional  tasks  such  as  the  SCATHA  version  discussed  in 
Rubin  et  al.  I  !980|.  Secondly,  in  conjunction  with  a  number 
of  laboratory  and  in  siiu  satellire  experiments,  an  attempt 
is  being  made  to  verify  all  aspects  of  the  ctxle  and  determine 
what  arc  the  critical  input  parameter^  (Purvis  el  al..  1977; 
Roche  and  Purvis.  1979;  Stevens  et  al..  I980a|.  The  model 
has  been  applied  to  many  satellite  charging  problems  such 
as  large  cavities,  exposed  potentials,  and  arbitrary  geome¬ 
tries  not  ctxisidcrcd  previously  (Purvis.  1980;  Stevens.  1980; 
Stevens  and  Purvis,  I986(. 

Preliminary  results  of  comparisons  between  the  P78-2 
SCATHA  measurements  and  NASCAP  have  recebily  be¬ 
come  available.  Some  of  these  results  are  plotted  in  Figures' 
7-26a  and  7-26b.  In  Figure  7-26a  (Schnuellc  el  al..  1981 1. 
the  observed  satellite  to  space  potential  between  16,80  uid 
1730  UT  on  day  87.  1979  is  plotted.  The  data,  consisting 
of  potential  and  plasma  measurements  during  an  eclipse, 
were  input  into  the  NASCAP  "one-grid"  model  las  the  name 
implies,  this  computation  makes  use  of  only  the  inner  rm'>st 
NA.SCAP  computational  grid — Figure  7-2,^)  a»  —  I  minute 
( I  spin  peri(xi)  intervals.  Although  the  NASCAP  simulation 
miSses  the  two  minor  jumps  in  potential,  it  repnxJuces  the 
two  major  ones  and  is  in  excellent  quanlilativc  agreement 
with  the  data  considering  the  uncenainlics  in  material  prop¬ 
erties.  NA.SCAP  also  rcspotjds  more  slowly  to  envirtrn- 
mental  changes  than  the  actual  data.  As  Schnucilc  el  al. 

( 1981 1  note,  this  is  due  to  the  I  minute  lime  steps  imposed 
on  NASCAP  by  the  data  whereas  the  real  environment  is 
changing  continuously. 

Figure  7-26b  (Stevens  et  al..  I980cl,  comparing  the 
NA.SCAP  predictions  with  the  surface  potential  of  a  Kapton 
sample  (SCI-2--see  Table  7-1)  on  P78-2-SCATHA,  is  in¬ 
teresting  for  two  reasons.  First,  it  illustrates  kV  changes  in 
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h'lliute  7-2Ab.  Ohscrvcii  piitcntui  ditrcrciH'c  mcasumi  l>>  the  P71i-2  St'A- 
THA  siHeliile  surface  putcnlial  mmiKir  es|icrinicnt  between 
a  Kapliin  %ainple  ami  the  satellite  gniuml  Also  .shown  are 
NA5;('AP  preiiictiiins  fixim  same  period  (Stevens  et  at.. 
l<Hina|. 


the  potential  between  the  Kapton  and  the  satellite  ground 
the  spin  frequency  of  the  satellite.  Second,  it  illustrates 
the  power  of  NASCAP  in  predicting  such  rapid  variations 
(the  slight  time-lag  between  the  data  artd  theory  is  due  to 
the  actual  satellite  spin  period  being  slightly  faster  than  the 
assumed  I  rpm).  This  agreement  is.  in  part,  much  better 
than  the  prediction  of  the  satellite  to  space  potential  as  the 
Kapton  sample  properties  were  obtained  prior  to  flight  in 
gmund  test  simulations — an  important  consirkration  in  fu¬ 
ture  studies. 


7.5  PREVENTION  OF 

SPACECRAFT  CHARGING 

Although  varying  the  satellite  to  space  potential  allows 
the  measurement  of  very  low  c  .Jergy  plasma,  charge  buildup 
on  satellite  surfaces  is  not  in  general  a  desired  phenomenon. 
In  order  to  eliminate  or  at  least  limit  the  worst  effects  of 
spacecraft  charging,  several  techniques  have  been  devel¬ 
oped.  Although  the  obvious  solution  is  to  develop  systems 
that  can  withstand  the  worst  effects,  this  is  not  always  a 
feasible  or  desirable  methrxl.  Alternatives  tt»  this  “brute 
force"  melhtxJ  will  be  described  in  this  section. 

The  simplest  method  for  preventing  spacecraft  charging 
effects  is  to  employ  sound  design  techniques — use  con¬ 
ducting  maieria’s  where  possible  and  profier  grounding  tech¬ 
niques.  These  techniques  are.  detailed  in  a  design  guideline 
handbtxfk  recently  completed  at  NASA  Lewis  ( Purvis  et  al . . 
I984|.  Although  a  large  satellite  to  space  potential  can  oc¬ 
cur.  differential  charging,  the  major  spacecra'l  charging 
problem,  is  signilicantiy  reduced  by  these  procedures.  Sev¬ 
eral  different  methods  have  been  developed  to  assure  an 
adequately  conducting  surface.  As  an  example,  non-con¬ 
ducting  surfaces  on  the  GEOS  series  of  geosynchronous 
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satellites  were  coated  with  indium  oride.  As  solar  cells  are 
the  primai'y  non-conducting  surfaces  on  GbOS  and  as  in¬ 
dium  oxide  is  sufficiently  transparent  to  sunlight  so  that  it 
does  not  degrade  their  operation,  this  technique  has  been 
quite  successful  |G.L.  Wrenn.  piivatc  communication.  1980) 
at  keeping  satellite  differential  potentials  near  zero  and. 
because  of  the  secondary  emission  properties  of  indium 
oxide,  the  satellite  to  space  potential  between  rent  and  -  lOtX) 
V  even  in  eclip.^.  Such  coating  techniques,  however,  can 
be  expensive  and  difficult  if  large  surfaces  ere  involved. 
Furthermore,  they  do  not  reduce  the  hazards  associated  with 
charge  deposition  in  dielectrics  and  in  the  case  of  "pinholes'* 
(Section  7..1.8».  may  be  ineffective. 

Another  technique  that  may  be  applicable  to  large  sur¬ 
faces  involves  the  use  of  electron  and  ion  emitters.  Grard 
1 19771  and  Gonfalonc  et  al.  1 19791  discussed  the  application 
of  such  systems  to  actual  satellite  systems.  The  latter  paper 
described  the  successful  application  of  a  low  en-:  mt  (mA) 
elect' m  emitter  on  the  ISKH- 1  rateilitc.  The  ISHH-I  is  in  a 
highly  elliptical  (KOO  km  to  23  R|.)  orbit  so  that  it  spends  a 
long  time  in  the  solar  wind  The  ISEE-I  results  indicated 
that  the  electron  cloud  emitted  by  the  satellite  gun  success¬ 
fully  clamped  the  potential  of  the  satellite  at  a  few  volts 
positive  to  the  ambient  solar  wind  plasma.  Purvis  and  Bar¬ 
tlett  |I9R0|  repotted  results  from  ion  and  electron  emitters 
on  the  geosynchmnous  ATS  .3  and  ATS  6  satellites.  These 
results  indicated  that  whereas  electron  emission  alone  re¬ 
duced  the  satellite  to  space  potential  to  —9.  it  did  not  sig¬ 
nificantly  reduce  the  charge  on  dielectrics.  Use  of  an  ion 
emitter  and  neutralizer  together  not  only  clamped  the  sat¬ 
ellite  to  space  potential  at  0.  but  also,  through  the  cloud  of 
ions,  neutralized  the  negative  charge  on  the  dielectrics.  Sim¬ 
ilar  success  was  demonstrated  by  the  'oeam  experiments  on 
the  P78-2  SCAT  HA  satellite  |H.A.  Cohen,  private  com¬ 
munication,  I980|,  There  may  be  some  difficulties,  how¬ 
ever,  with  these  techniques  as  reducing  the  surface  charge 
may  enhance  dielectric  breakdown  [A.B  ,  Frederickson.  pri¬ 
vate  communication,  I980|  between  the  deprrsited  charge 
and  the  surface.  Also  there  is  the  possibility  of  contami¬ 
nation  of  the  satellite  environment  by  the  beam  ions. 

Careful  selection  of  satellite  materials  can  reduce  space¬ 
craft  charging.  Although  thermal  control  surfaces  which  are 
necessary  on  many  satellites  generally  consist  of  dielectric 
materials,  careful  selection  of  the  materials  according  to 
.  their  secondary  emission  properties  and  bulk  conductivity 
can  reduce  charge  buildup  Rubin  et  al.  1 1978|  have  dem¬ 
onstrated  that  for  materials  with  a  secondary  emission  greater 
than  I .  the  plasma  temperature  must  be  several  times  tlic 
energy  at  which  this  occurs  if  a  satellite  is  to  charge  up. 
Again,  however,  the  increased  secondary  electron  popula¬ 
tion  could  contaminate  low  energy  (E  s  10  eV)' plasma 
observation . 

Several  other  techniques  have  been  proposed  (for  ex¬ 
ample.  see  Beattie  and  Goldstein  1 19771  for  methods  of 
protecting  the  Jupiter  probe)  and  recent  results  indicate  that 


diclectri'.  materials  may  be  altered  by  the  arcing  priKCss  in 
a  manner  which  greatly  reduces  future  arcing  |A.R.  Fred- 
erickstin.  private  communication.  I98()|.  It  is  cutreiitly 
thought,  however,  that  the  techniques  described  above  arc 
adequate  in  reducing  charging.  Basically,  spacecraft  charge 
prevention  is  a  matter  of  g<Kxl  design  technique — ground 
well,  avoid  cavities  in  which  charge  can  be  deposited,  and 
avoid  exposed  potentials. 


7.6  CONCLUSIONS 

Before  concluding  this  chapter,  a  brief  summary  of  the 
major  accomplishments  of  this  fourth  pcnixl  of  charging 
analysis  is  in' order.  Probably  the  major  step  forward  has 
been  the  growing  realization  by  the  space  physics  com¬ 
munity  of  the  role  of  spacecraft  charging.  Before  the  geo¬ 
synchronous  observations  of  IO(kV)and  higher  potentials, 
■spacecraft  charging  was  considered  to  be  a  nuisance.  Since 
that  liniC.  however,  spacecraft  charging  analysis  has  become 
an  important  adjunct  to  plasma  experiments  and  to  satellite 
design.  On  the  negative  side,  however,  there  is  still  apparent 
confusion  on  the  part  of  some  experimentalists  a.4  to  how 
to  correct  low  energy  measurements  and  an  unwillingness 
on  the  part  of  satellite  designers  to  spend  the  necessary  time 
in  properly  designing  their  satellites.  Both  of  these  problems 
have  proven  hard  to  solve. 

In  the  area  of  plasma  measurements,  the  spacecraft 
charging  theory  necessary  for  their  interpretation  can  be  said 
on  the  basis  of  this  review  to  be  quite  sophisticated.  The 
simple  probe  theory  of  Langmuir  and  his  successors  has 
been  shown  to  give  adequate  order  of  magnitude  estimates 
of  the  gross  effects  of  spacecraft  charging.  The  introduction 
of  variou:;  sophistications  such  as  the  satellite  veliKity  or 
the  satellite  sheath  jCauffman  and  Maynard,  1974.  for  ex- 
amplcl  have  made  this  theory  applicable  to  many  practical 
cases.  The  development  of  finite  element  mtxlels  has  al¬ 
lowed  fairl)  sophisticated  engineering  studies.  The  original 
methixls  of  Berns’-rin  and  Rabinow  itz  have  grown  into  the 
intricate,  advanced  trajectory  ctxics  of  Parker.  Whipple,  and 
others.  In  combination  with  various  simplifications  these 
techniques  have  yielded  straigh'forward  methixls  of  cor¬ 
recting  Langmuir  probe  data.  Even  second.-iiy  emission, 
photixrlcctron  emission,  and  velixity  effects  can  be  mixl- 
eled. 

With  the  advent  of  electrostatic  analyzers  a.id  their  abil¬ 
ity  to  provide  both  detailed  spectral  information  and  mass 
discrimination,  experimental  information  on  charging  ef¬ 
fects  has  increased  enoimously.  As  a  result,  active  studies 
of  the  sheath  population  and  fields  in  the  vicinity  of  a  space¬ 
craft  under  a  variety  of  ambient  conditions  have  become 
feasible.  These  have  been  carried  out  in  detail  on  the  GEOS 
and  P7o-2  SCATliA  satellites  for  the  geosynchronous  orbit. 
Similar  experiments  are  planned  for  the  early  shuttle  pay- 
loads.  Theoretical  mixlcls  of  the  sheaths  and  fields  around 
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typical  get>synchn>m)us  satellites  arc  available,  ranging  from 
the  simple  thick  sheath  probe  mtxlels  to  the  NASCAP  ctnle 
which  is  capable  of  handling  complex  geometries.  Ad¬ 
vanced  wake  and  sheath  nHxJels  arc  also  available  for  shuttle 
studies.  Rapid  tinre  variations  on  the  order  of  the  plasma 
frequency  have  even  been  modeled. 

In  the  area  of  engineering  design,  finite  element  mixJcIs 
have  been  applied  in  the  design  of  a  number  of  geosyn- 
chromms  and  interplanetary  missions.  NASCAP  has  been 
applied  to  several  systems  and  proven  useful  in  designing 
vehicles  so  as  to  avoid  the  worst  effects  tif  charging.  On 
the  practical  side,  effott  is  beginning  to  be  expended  in 
developing  charge-reducing  materials  and  techniques.  More 
importantly,  the  techniques  learned  on  small  spacecraft  are 
beginning  to  be  applied  in  the  design  of  the  next  generation 
of  large,  high  voltage  vehicles. 

Despite  this  impressive  growth  of  spacecraft  charging 
technology  since  1%.^.  there  arc  still  a  number  of  areas  in 
need  of  study.  These  can  h'*  grouped  under  the  headings  of 
material  properties,  geometry,  magnetic  fields,  wakes,  ares, 
large  size/high  potential,  and  charge  deposition  in  dielec¬ 
trics.  Although  woik  is  under  way  in  each  of  these  areas, 
much  still  remains  to  be  accomplished.  Even  so.  more  than 
enough  has  been  accomplished  in  thi ,  fourth  stage  of  space¬ 
craft  charging  analysis  so  that,  as  a  scientific  discipline, 
spacecraft  charging  can  be  said  to  have  ctme  of  age. 


I,,,  =  4-nT, 
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V  <  0 


For  the  “RAM"  case  and  assuming  a  thin  sheath  for  the 
electrons: 

V  =  -IIe  Ln  (-7-^-)  V<0 

q  ‘  \I  IO+  IpH/ 

V  =  [  I  -  (*"‘'1'---)]  •/2  '  V  >  0 

Where:  I|o  =  irr,-  *  qnK>v, 

v^  =  satellite  velocity 


APPENDIX— Table  7-3  Explanation 

The  simple  probe  models  of  Section  7.4.1.  can  give  first 
order  estimates  of  the  satellite  to  space  potential  under  a 
variety  of  conditions.  Given  the  plasma  parameters  listed 
in  Table  7-.^.  this  ptUential  has  been  estimated  using  ap¬ 
proximations  to  Equations  (7.22)  and  (7.24).  As  only  a  first 
order  estimate  is  desired,  a  ctmducting  spherical  satellite 
(  ^  I  m  in  diameter)  has  been  assumed.  Secondary,  and 
backscatter  tenns  are  ignored  (these  would  tend  to  make  the 
potential  more  pi)sitive).  For  the  planar,  thin  sheath  as¬ 
sumption  ( l-D  in  Table  7-}):  |T  is  in  eV.,' 
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For  the  spherical,  thick  sheath  assumption  (.f-D  in  Table  . 
7-3): 


This  assumes,  for  ion  repulsion,  that  the  ion  ram  current, 
lit),  is  reduced  by  a  factor  (I  -  qV/'Am|V;)  and  that  the 
ions  have  -  0  thermal  vekKity  (see  Whipple  1 19651.  p.  28). 

The  a.ssumed  environmental  parameters  have  been  adopted 
from  many  sources.  They  should  be  treated  at  best  as  rough 
approximations  as  the  actual  environments  can  vary  by  fac¬ 
tors  of  X  10  to  X  l(X).  The  Jupiter  data  are  from  Scudder 
et  al.  1 1981 1  and  J.  Sullivan  {private  communication!.  The 
solar  wind  data  for  less  than  I  AU  are  from  Schwenn  et  al. 
1 1977).  Values  greater  than  1.  AU  are  estimated. 
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Chapter  8 

MAGNETOSPHERIC  AND  HIGH  LATITUDE 
IONOSPHERIC  ELECTRODYNAMICS 

W.J.  Burke,  D.A.  Hardy,  and  R.P.  Vancour 


This  chapter  deals  with  the  volume  of  space  that  is 
bounded  externally  by  the  magnetopause  and  internally  by 
the  plasmapause  and  the  high  latitude  ionosphere  at  an  al¬ 
titude  ol  300  km.  The  magnetopause  separates  regitms  of 
space  dominated  by  the  earth's  magnetic  field  (magneto¬ 
sphere)  and  by  the  shocked  solar  wind  (magnettishcath). 
Earthward  of  the  plasmapause.  dynamics  are  generally  con- 
trulicd  by  corotation  rather  than  by  solar  wind  driven  con¬ 
vection.  The  arbitrarily  chosen,  low  altitude  boundary  in 
the  ionosphere  represents  a  transition  below  which  the  ef¬ 
fects  of  the  earth's  neutral  atmosphere  are  dominant  Frem 
the  viewpoints  of  both  cause  and  effect,  the  chapter  is  stime- 
thing  less  than  sell  contained.  Without  (he  geomagnetic  field 
(Chapter  4)  and  the  solar  wind  (Chapter  3).  there  would  be 
no  mc.gnelosphere  and  no  magnetospheric  electriMlynamics; 
without  solar  irradiance  (Chapter  2).  there  would  be  much 
less  of  an  ionosphere.  Without  magnetospheric  electrodyn¬ 
amics.  there  would  be  no  aurora  (Chapter  12).  no  high- 
latitude  currents  (Chapter  4).  no  radiation  belts  (Chapter  5). 
and  no  problems  with  spacecraft  charging  (Chapter  7). 

The  term  "electrtxlynamics"  encompasses  a  complex  of 
priK'esses  by  which  charged  particles  nmve  about  in  the 
magncttisphere-ionosphere  system.  The  nature  of  the  pro¬ 
cesses  varies  from  region  to  region  within  the  system.  Mag¬ 
netic  merging  at  the  magnettipause  and  field-aligned  poten¬ 
tial  drops  above  the  auroral  ionosphere  are  examples  of 
locaii/cd.  elcctnxlynamic  processes.  They  are  unified  as 
electnxlynamic  prexesscs  in  that  they  emerge,  with  tippro- 
priate  boundary  conditions,  us  solutions  of  the  Vlasov-Max- 
well  equations.  General  solutions  of  the  Vlasov-Maxwcll 
equations  over  the  entire  magnetosphere-ionosphere  system 
are  well  beyond  present  capabilities.  Some  success,  how¬ 
ever.  has  been  achieved  by  considering  elements  of  the 
system  in  relative  isolation.  This  provides  insight  into  how 
system  elements  evolve  in  response  lO  extemal  inputs.  .Since 
the  entire  system  is  electrically  coupled,  the  isolated  clement 
approach  is  self-limiting.  .As  one  element  evolves  it  affects 
priK'esses  in  other  elements  of  the  system.  The  main  goals  . 
of  this  chapter  are  to  describe  the  various  system  elentents 
and  indicate,  in  a  qualitative  sense,  how  they  arc  electrically 
coupled. 


In  dealing  with  ilfc  earth’s  magne^tsphere  three  things 
quickly  impress  the  mind.  First,  there  is  almost  nothing 
there.  Particle  densities  in  the  plasma  s!.eet  range  up  to  about 
I/cm'.  With  present  technology,  laboratory  vacuum  systems 
are  able  to  get  down  to  densities  of  IO'‘Vcm'.  Second,  the 
volume  of  space  cK'cupied  by  the  magnetosphere  is  consid¬ 
erable.  Typical  magnetospheric  dimensions  are  of  the  order 
of  10  R,  (I  R|.  =  6.4  X  id'  km).  Third,  when  concen¬ 
trated  to  global  scales  the  effects  of  magnetospheric  pro¬ 
cesses  arc  impressive.  The  third  point  which  is  illustrated 
in  Figure  8-1  pntvides  a  convenient  point  of  departure  for 
this  survey  of  magnetospheric  and  high-latitude  ionospheric 
priKcsses.  The  figure  exemplifies  the  spatial  distribution  of 
visible  radiation  observed  by  means  of  an  optical  imaging 
system  on  a  Defense  Meteorological  Satellite  Program 
(DMSP)  satellite.  City  lights  provide  an  easily  rccogni/cd 
map  of  the  western  half  of  North  America.  The  total  energy . 
emitted  by  auroral  forms  over  the  nonhem  tier  of  Canadian 
provinces  rivals  or  exceeds  the  combined  ground  emissions 
from  the  United  States  and  Canada.  Aurt>ral  emissions  are 
largely  due  to  plasma  sheet  electrons  with  energies  of  a  few 
keV  impacting  the  H  layer  of  the  ionosphere.  The  instan¬ 
taneous  liK'us  of  plasma  sheet  electron  precipitation  is  called 
the  auroral  oval.  Global  imagery  from  satellites  such  as 
DMSP  have  shown  that  the  auroral  oval  may  be  approxi¬ 
mated  by  circular  bands  surrounding  the  geomagnetic  poles. 
The  centers  of  the  circles  are  offset  by  —3°  to  the  night 
sides  of  the  magnetic  poles.  The  radii  of  the  circle,  the 
widths  ol  the  bands  and  the  intensity  of  emissions  vary'  with 
the  level  of  geomagnetic  activity.  However,  at  all  times  the 
auroral  iival  exists  and  acts  as  a  major  sink  for  magneto- 
spheric  particles  and  energy.,  The  particles  and  energy  lost 
by  the  magnetosphere  due  to  auroral  precipitation  ultimately 
come  from  the  solar  wind.  Thus,  an  estimate  of  global 
precipitation  loss  is  also  an  estimate  of  the  efficiency  of 
st>lar  wind/magnetospheric  interactions  required  to  maintain 
the  auroras 

During  periods  of  moderate  geomagnetic  activity  the 
auroral  oval  can  be  appioximated  as  a  circular  band  ex¬ 
tending  from  75''  to  6.S"  magnetic  latitude.  The  area  of  such 
a  band  is  10' 'em’.  The  mean  flux  of  electrons  into  the 
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uurorul  oval  is  -  I  O''  cm  -s  Thus  under  steady  stale  con¬ 
ditions  the  solar  wind  must  supply  electrons  to  the  mag¬ 
netosphere  at  a  rate  of  IO’''/s.  The  average  energy  of  pre¬ 
cipitating  electrons  is  of  the  order  of  I  keV.  The  energy 
loss  due  to  electron  precipitation  alone  is  -TO'"  W.  Similar 
or  larger  amounts  of  solar  w  ind  energy  must  be  supplied  to 
account  for  ionospheric  Joule  heating  and  for  maintaining 
the  ring  current  fhe  central  locus  of  this  chapter  is  to  outline 
the  present  understanding  of  how  10-'’  electrons  per  second' 
and  tens  of  billions  of  watts  are  extracted  from  the  solar 
wind  to  drive  niagnetospheric  and  ionospheric  electrody- 
namie  processes. 


8.1  MAGNETOSPHERIC  BOUNDARY 
INTERACTIONS 

In  describing  interactions  between  the  solar  wind  and 
the  earth's  magnetosphere  two  coordinate  systems  are  use¬ 
fully  employed:  geocentric  solar-ecliptic  (GSEl  and  solar 
magnetospheric  (GSM)  coordinates.  Both  coordinate  sys¬ 
tems,  which  are  described  in  detail  in  Chapter  4,  have  their 
origins  at  the  center  of  the  earth  with  the  X  axes  positive 
toward  the  center  of  the  sun;  that  is.  X„c  =  X„r  The 
axis  is  normal  to  the  ecliptic  plane  and  positive  toward  the 
north.  The  Y„,  that  completes  the  right  hand  system  is  pos¬ 
itive  toward  ItKal  dusk.  The  axis  is  coplanar  with  the 
earth's  magnetic  moment  vector  (M)  and  the  X,^  axis.  It 
is  positive  toward  ecliptic  north.  The  Y.m  axis,  which  always 
lies  in  the  SM  equatorial  plane,  completes  the  right  hand 
coordinate  system.  For  a  radially  flowing  solar  wind 
(V.  =  -V.X..^  =  -V,X,m,  where  X.^  and  X,„  are  unit 
vectors  along  X«  and  X.^,  respectively)  the  angle  between 
M  and  gives  the  magnetic  latitude  of  the  magnetospheric 
subsolar  point.  Note  that  due  to  1 1°  offset  between  M  and 
the  earths  rotational  axis  and  to  the  23.5°  angle  between  the 
equatorial  and  ecliptic  planes  the  magnetic  latitude  of  the 
subsolar  prrint  is  subject  to  t.  34.5°  combined  seasonal  and 
diurnal  variations.  The  GSM  is  superior  to  the  GSE  system 
for  ordering  data  relevant  to  interactions  between  the  solar 
wind  and  the  magnetosphere. 

8.1.1  The  Magnetopause 

The  shape  of  the  “steady  state"  magnetosphere  is  de¬ 
termined  from  the  force  balance  equation 

V  •  If  -1^  T1  =  0  (8.1) 

where  P  and  J  are  the  total  pressure  and  the  Maxwell  stress 
tensors,  respectively.  The  total  pressure  tensor  is  made  up 
of  two  parts  due  to  the  dynamic  and  thermal  pressures  of 
the  solar  wind  components: 

f  =  2n,mpV,V,  -(-  p,*  +  p.*.  (8.1) 

where  n,  js  the  solar  wind  density,  m^  the  mass  of  a  proton; 
p.,  and  p.^.  are  the  thermal  pressures  of  solar  wind  ions  and 
electrons,  respectively.  The  factor  of  2  accounts:  for  specular 
reflection  of  incoming  particles.  The  shape  of  the  magne¬ 
topause  on  the  dayside  can  he  calculated  by  numerical  means 
using  a  simplified  force  balance 

2n.mpV,-  ( ~X^.  •  .is,)’  =  (8.3) 

2 

where  p.„  is  the  pemiitivity  of  free  space.  fiN)  is  an  outward 
directed  unit  vector  normal  to  the  magnetopause,  and  B| 
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the  total  magnetic  field  at  the  magnetopause.  Bt  is  a  su¬ 
perposition  of  fields  due  to  the  earth's  dipole  B|,.  to  the 
currents  flowing  on  the  magnetopause  Bm.  and  to  other 
currents  distributed  in  the  magnetosphere.  Beyond  the  mag¬ 
netopause  Bm  exactly  cancels  the  internal  fields.  To  a  very 
good  approximation  at  the  subsolar  point  of  the  magneto¬ 
pause 

\B^\  =  2|fiM  X  B„|.  (8.4) 

In  the  magnetic  equatorial  plane 

B„  =  ^■,  (8.5) 

where  B„  =  3  x  Kf*  nT  is  the  strength  of  the  earth's  held 
at  the  surface  on  the  magnetic  equator  .and  L  is  the  distatKe 
from  the  center  of  the  earth  in  earth  radii  (R|.;).  Substitution 
of  Equations  (8.4)  and  (8.5)  into  (8.3)  gives  the  distance  to 
the  magnetopause  near  the  suhsolar  point 


For  a  solar  wind  density  and  vekxrity  of  5/cm''  and  400 
km/s.  Lm  =  9.  The  shape  of  the  dayside  magnetopause  was 
calculated  by  Mead  and  Beard  1 1964|  and  by  Olson  1 1969] 
using  iterative  numerical  techniques  in  which  the  tilt  of  the 
dipole  was  ignored  and  included,  respectively.  Figure  8-2 
shiiws  a  meridional  cross  section  of  the  magnetosphere  cal¬ 
culated  with  Lm  =  10  in  the  Mead  and  Beard  model.  The 
locus  of  dipole  held  lines  (dashed  lines)  in  comparison  with 


Figure  8-2  Mixlcl  of  oatlh's  magnotic  field  dislorted  by  (he  vilar  wind 
(Meud  and  Beard.  !V64| 


the  calculated  total  field  strikingly  illustrates  the  effects  of 
the  solar  wind  on  the  overall  magnetic  topology.  Magnetic 
field  lines  on  the  dayside  are  compressed  while  those  on  the 
nightside  are  elongated.  Note  that  in  this  model,  field  lines 
intersecting  the  earth  at  magnetic  latitudes  greater  than  83° 
arc  swept  back  to  the  nightside  by  the  solar  wind.  There 
arc  a  pair  of  singular  points  on  the  magnetopause  at  separa- 
trices  between  field  lines  closing  on  the  day  and  night  sides. 
These  points  correspond  to  the  dayside  cusps. 

The  models  just  discussed  do  not  describe  the  nightside 
of  the  magnetotail  adequately.  One  reason  is  apparent  from 
a  consideration  of  Equation  (8.2).  On  the  dayside  of  the 
magnetosphere,  the  dynamic  pressure  of  the  solar  wind  dom¬ 
inates  over  the  thermal  pressures.  On  the  nightside^  with 
plasma  flow  almost  tangential  to  the  magnetopause 
(V.  ■  Am  *  0).  the  converse  is  true.  An  early  mixlel  (John¬ 
son.  I950|  of  the  magnetosphere  had  a  tear  drop  shape  with 
the  closing  distance  determined  by  the  solar  wind  Mach 
number.  Piddington  |I963|  suggested  that,  in  flowing  past 
the  magnetosphere,  the  sytlar  wind  exeits  tangential  stresses 
at  the  boundary.  Such  stresses  draw  the  nightside  of  the 
magnetosphere  into  an  elongated  magnetotail.  In  the  ab¬ 
sence  of  significant  plasma  within  the  magnetotail,  the  tan¬ 
gential  force  exerted  by  the  solar  wind  on  the  magnetosphere 
is 

Ft  =  ^  IT  Ri,T  (8.7) 

2|i., 

where  Bmi  and  Rm  i  are  the  field  strength  and  radius  of  the 
magnetotail.  respectively.  There  are.  however,  distributed 
currents  in  the  inner  magnetosphere  (the  ring  current)  and 
in  the  magnetotail  (the  neutral  sheet)  currents,  whose  effects 
must  be  included  in  realistic  stress  calculations. 

8.1.2  Convection 

III  many  ca.-.cs.  the  niagnctosphere-solar  wind  interaction 
is  well  described  by  steady  state  equations  such  as  Equation 
(8,1).  The  equilibrium  represented  by  these  equations  is. 
however,  dynamic  rather  than  static.  Only  a  dynamic  sit¬ 
uation  is  consistent  with  existing  high  latitude  cuitent  sys¬ 
tems,  These  currents  result  from  ionospheric  convection 
which  is  driven  by  magnetospheric  convection  (Gold.  I959|. 
Magnetospheric  convection  is  in,  turn  driven  by  the  solar 
winil.  That  is.  energy  is  extracted  from  the  solar  wind  by 
the  magnetosphere,  and  at  least  some  of  that  energy  is  dis¬ 
sipated  in  the  ionosphere.  Two  mechanisms  for  transferring 
energy  to  the  magnetosphere  have  been  developed  over  the 
last  two  decades:  viscous  interactions  (.Axford  and  Hines. 
1961 1  and  magnetic  merging  (Dungey.  1961 1.  Both  models 
explain  many  qualitative  features  of  magnetospheric  con¬ 
vection  and  auroral  particle  energization.  Receni  satellite 
observations  suggest  that  both  mechanisms  arc  operative. 

8-3 


CHAPTER  8 


but  in  more  complex  ways  than  envisaged  by  early  pm- 
ponents. 

The  Axford'Hines  mixlel  postulates  that  the  magneto- 
sheath  plasma  exerts  a  viscous  force  on  a  layer  of  unspecified 
thickness  inside  the  magnetopause.  Magnetic  field  lines 
'''reading  this  layer  are  dragged  in  the  antisolar  direction 
and  are  stretched  to  great  distances  in  the  magnctotail.  As 
elongated  flux  tubes  move  out  of  the  viscous  Interaction 
layer  they  snap  back  to  a  more  dipolar  configuration.  In  the 
rest  frame  of  the  earth  this  motion  of  magnetic  field  lines 
appears  as  an  electric  field.  E  =  -  V  x  B.  A  magneto- 
spheric  equatorial  projection  of  the  convection  pattern  gen¬ 
erated  in  the  viscous  interaction  model  is  given  in  Figure 
8-.^.  When  mapped  to  ionospheric  altitudes,  assuming  that 


Fit^ure  X-.t.  Equatorial  prxijcilion  of  convection  pattern  in  viscous  inter¬ 
action  model 

E  •  B  =  0.  the  model  reprtKluccs  the  general  features  of 
the  polar/auroral  current  system  (Chapter  4).  Nt.ite  that  plasma 
trapped  on  elongated  flux  tubes  is  adiahatically  heated  as 
the  flux  tubes  convect  earthward  and  shrink  in  volume 
The  second  model  postulates  that  the  dynamic  interac¬ 
tion  between  the  solar  wind  and  the  magnetosphere  pnKeeds 
by  means  of  a  magnetic  merging  priKCss.  The  simplest 
features  of  this  phenomenon  are  illustrated  in  Figure  8-4. 


Figure  K-4  Maiincfic  ficUl  i!c»iniclry  unJ  define  lieW  required  lt»r  mau- 
nefif  inereine. 


Consider  a  magnetic  field  that  at  great  distances  above  (be¬ 
low)  the  X-Y  plane  points  in  the  -(-  (  -  )  X  direction.  In  the 
presence  of  an  electric  field  Ky.  magnetic  field  lines  convect 
toward  the  X-Y  plane.  At  the  neutral  line  (X  =  0.  Z  =  0). 
magnetic  field  lines  from  the  upper  half  space  merge  with 
field  lines  of  the  opposite  polarity  from  the  lower  half  space. 
To  the  left  (right)  of  the  neutral  line,  merged  magnetic  field 
lines  cross  the  X-Y  plane  with  a  +  (  -  )  Z  compvment.  and 
E  X  B  convect  away  from  the  neutral  line  in  the  4  (  -  ) 
direction.  Two  necessary  conditions  for  magnetic  merging 
are  magnetic  field  t»f  opposite  polarity  across  some  plane 
and  an  electric  field  component  that  is  tangent  to  the  plane. 

Before  considering  how  magnetic  merging  might  apply 
to  the  magnetosphere,  it  is  useful  to  distinguish  between 
several  possible  magnetic  topologies.  It  is  well  known  that 
a  weak  interplanetary  magnetic  field  (IMF)  is  carried  by  the 
solar  wind.  Except  for  a  small  correction  term  in  the  force 
balance  equation,  the  IMF  plays  no  obvious  role  in  the 
visvous  iiiieiaciioii  nuxJei.  The  magnetic  merging  iTKxlel 
assigns  important  roles  to  the  IMF'  because  this  mixlcl  re¬ 
quires  three  types  of  magnetic  field  lines:  ( I )  IMF  lines  with 
both  "feet"  in  the  interplanetary  medium.  (2)  closed  field 
lines  with  both  "feet"  in  the  earth,  and  (.4)  trpen  field  lines 
with  one  "fixvt"  on  earth  and  the  other  in  the  solar  wind. 
Dungey  I  l%l  |  pointed  out  that  when  the  IMF  has  a  south¬ 
ward  component,  magnetic  merging  can  <xrcur  near  the  sub¬ 
solar  point  of  the  magnetopause.  The  idea  is  illustrated  in 
Figure  8-5  which  can  be  viewed  either  as  a  snap  shot  or  as 


Kiguiv  X-5  Snapvtiiii  nI  niuiinvlic  itK-rjiin^  tvIMCcn  s«ut)i»ard  IMI  and 
ihc  earth's  mai!ne!ospht*re 

a  time  history  of  an  individual  field  line.  As  southward 
directed  IMF  lines  are  eonveeted  up  against  compressed 
diptilar  field  lines,  merging  iKcurs  at  time  Q).  Because  one 
f(H>t  of  a  newly  merged  held  line  is  imbedded  in  the  solar 
wind,  the  w  hole  tield  line  is  dragged  in  the  antisolar  (  X„„) 

direction  In  an  earth-stationary  frame  of  reference  the  mo¬ 
tion  of  the  ionospheric  loot  of  the  held  line  appears  to  result 
from  a  dawn  to  dusk  electric  held.  Times  I  through  "I 
show  the  various  stages  of  antisunward  motion  of  an  open 
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field  line.  At  time  ® .  a  portion  of  the  held  line  has  con- 
vecled  to  the  magnetic  equatorial  plane  where  it  reconnects 
with  an  open  held  line  from  the  conjugate  ionosphere.  Un¬ 
der  the  influence  of  the  dawn  to  dusk  electric  held,  the 
held  line  then  convects  earthward  (times  ®  through  (D). 
Eventually,  reconnected  held  lines  move  to  the  dayside 
(time  ® )  where  they  r^re  in  position  to  continue  the  merging- 
reconnection  cycle. 

The  magnetospheric  convection  patterns  predicted  by 
the  viscous  interaction  and  magnetic  merging  models  with 
a  southward  IMF  are  quite  similar.  Empirical  evidence  from 
near  the  magnetopause  indicates  that  both  viscous  and  mag¬ 
netic  merging  processes  occur  (Eastman  et  al..  1976;  Russell 
and  Elphic.  1979;  Mozer  et  al..  I979|.  That  many  obser¬ 
vational  studies  have  shown  high  correlations  between 
southward  turnings  of  the  IMF  and  the  onset  of  magnetic 
activity  indicates  a  dominant  role  for  energy  transfer  by  a 
merging  process.  As  discussed  in  Section  8.S.  I .  (his  surmise 
is  supported  by  modiheations  observed  in  polar, cap  (open 
held  line)  convection  patterns  with  variations  in  the  Ysm 
component  of  the  IMF  and  when  the  Zsm  component  is 
northward.  Finally,  we  mention  that  currently  merging  is 
diought  to  occur  sporadically  rather  than  as  a  steady  state 
process  (Haefendcl  et  al.,  19781.  and  in  the  vicinity  of  the 
dayside  cusps  rather  than  near  the  subsolar  point  (Crooker, 
1977;  Crooker.  1979). 


8.1.3  Boundary  Layers 

Before  considering  the  dynamics  of  the  closed  portion 
of  the  magnetosphere,  let  us  return  briefly  to  our  original 
question  of  how  10-'’  particlcs/s  gain  entry  to  the  plasma 
sheet.  Between  10^“  and  lO^**  solar  wind  particles/s  impact 
the  dayside  magnetopause.  Thus,  an  entry  efficiency  of  less 
than  I9(  is  sufficient  to  maintain  the  plasma  sheet.  Our 
understanding  of  how  magnetosheath  plasma  gains  entry  to 
the  magnetosphere  and  influences  its  interior  dynamics  has 
been  evolving  rapidly  over  the  last  decade.  Under  such 
circumstances,  it  is  not  unusual  to  encounter  a  multiplicity 
of  nomenclatures  that  will  probably  be  simplified  as  rela¬ 
tionships  between  various  boundary  plasma  regimes  become 
more  evident.  Vasyliunas  (19791  has  defined  magneto¬ 
spheric  bourdary  layers  as  regions  of  space  threaded  by 
magnetic  field  lines  of  the  magnetosphere  but  populated  by 
plasma  similar  to  that  found  in  the  magnetosheath.  The  four 
regions  satisfying  this  definition  are  ( I )  the  plasma  mantle. 
(2)  the  interior  cusp,  (3)  the  low  latitude  boundary  layer 
(LLBL),  and  (4)  the  plasma  sheet  boundary  layer.  Figure 
8-6a  is  a  schematic  representation  jf  tiie  magnetospheric 
loci  of  these  regimes.  Somewhat  speculative  representations 
of  their  ionospheric  projections  and  their  “source-relation¬ 
ships"  to  the  plasma  sheet  are  given  in  Figures  8-6b  and 
8-7.  respectively.  The  plasma  mantle  is  found  on  open  mag¬ 
netic  field  lines;  the  remaining  three  regions  are  found  in 
closed  field  line  portions  of  the  magnetosphere. 
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MAGNETOPAUSE  BOUNDARY  LAYERS 


Figure  8-^  (al  Schemaik  diagram  of  various  observed  magnetospheric 
boundary  layers:  (bl  their  mapping  down  to  the  ionosphere 
along  magnetic  Held  lines  |Va.syliunas.  1979). 


The  plasma  mantle  was  first  identified  as  a  magneto- 
sheath-likc  plasma  flowing  along  magnetic  field  lines  inside 
the  magnctopau.se  in  the  near-earth  lobes  of  the  magnetotail 
(Rosenbaueret  al..  197S|.  The  plasma  density  and  the  spa¬ 
tial  thickness  of  the  mantle  are  greatest  during  periods  of 
southward  IMF  (Sekopke  et  al..  I976|.  The  mantle  is  also 
observed  in  the  lobes  of  the  magnetotail  at  lunar  distance 
(XsM  =  -60  R|,)  near  the  ecliptic  plane  (Hardy  et  al., 
I975|.  Mantle  particles  arc  believed  to  enter  the  magneto¬ 
sphere  near  the  dayside  cusp.  Dawn  to  dusk  electric  fields 
cause  particles  to  convcct  in  the  antisunward  direction  so 
that  particles  that  mirror  at  low  altitudes  find  themselves  on 
open  field  lines  as  they  rise  from  their  mirror  points.  The 
same  dawn  to  dusk  electric  field  causes  the  mantle  particles 
to  drift  toward  the  equatorial  plane  as  they  move  away  from 
the  earth.  Filipp  and  Morfill  (1978)  suggested  (hat  mantle 
particles  may  be  one  source  of  plasma  sheet  particles. 

As  the  name  suggests,  the  “interior  cusp"  refers  to  the 
region  of  closed  magnetic  field  lines  passing  through  or  just 
equatorward  of  (he  cusp.  Magnetosheath  plasma  diffuses 
into  this  region.  As  opposed  to  the  mantle  or  the  LLBL. 
the  plasma  of  this  regiort.  which  is  also  called  the  entry 
layer,  is  relatively  stagnant.  However,  depending  on  the 
strength  and  direction  of  convective  electric  fields  in  the 
cusp,  it  is  possible  to  think  of  the  interior  cusp  plasma  as 
a  partial  source  of  btTth  the  mantle  and  the  LLBL. 

Along  the  dawn  and  dusk  meridians  near  the  magne- 


Figure  K-7.  A  iiKKlfl  of  magnetospheric  circutulion  for  tilling  the  pla>ma 

sheet  I  Freeman. 
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tmpheric  equatorial  plane,  the  LLBL  is  charjcterized  by 
magnelosheath-likc  plasma  tiowing  in  the  antisunward  di¬ 
rection.  The  thickness  of  this  layer  ranges  up  to  ~l  R| .  As 
shown  in  Figure  8-6a.  the  LLBL  has  been  observed  to  great 
distances  in  the  antisolar  direction.  The  density  of  plasma 
within  the  layer  is  alniut  a  factor  of  four  less  than  that  of 
the  adjacent  magnetosheath  (Sekopke  et  al..  1981 1.  Elec¬ 
trons  within  the  layer  have  trapped  pitch  angle  distributions 
(Eastman  and  Hones  Jr..  1979).  Whether  the  LLBL  is  main¬ 
tained  through  a  diffusive  and/or  an  impulsive  (Lemaire  and 
Roth.  1978)  entry  prxKess  is  currently  a  m.itter  of  debate. 
Sekopke  et  al.  1 1981 1  estimate  that  a  diffusion  coefficient 
of  IO‘'m’/s  is  required  to  maintain  the  observed  LLBL.  Fig¬ 
ure  8-6a  show^  the  plasma  boundary  layer  together  with  the 
LLBL  as  forming  a  continuous  envelope  surrounding  the 
hot  plasma  contained  in  the  central  plasma  sheet.  The  phys¬ 
ical  priK'esses  whi'-h  connect  the  LLBL  and/or  the  mantle . 
with  the  plasma  boundary  layer  and  with  the  central  plasma 
sheet  arc  nut  kiuiMii  at  this  time.  It  is  currently  believed 
that  discrete  arcs  in  the  auroral  oval  map  to  the  boundary 
rather  than  to  the  central  plasma  sheet.  Within  the  plasma 
sheet  boundary,  rapidly  flowing  plasmas  are  obseived.  These 
flowing  plasmas  come  from  spatially  limited  acceleration 
regions  called  “magnctosphcric  fireballs”  (Frank  et  al..  1976|. 
Whether  the  energization  prcKcss  in  fireballs  results  from 
magnetic  reconnection  or  strme  other  process  is  still  another 
open  question. 


8.2  THE  PLASMA  SHEET 

The  earth’s  plasma  sheet  is  the  highly  dynamical  region 
of  the  earth's  magnetosphere  that  acts  as  a  depository  for 
auroral  particles.  It  is  a  region  (’f  closed  magnetic  field  lines. 
Before  being  first  detected  by  the  .Soviet  satellites  Luna  I 
and  Luna  2  (Gringanz  et  al..  1961 1.  somewhat  .strangely, 
this  imp(irtant  region  of  the  magnetosphere  was  not  antic¬ 
ipated  theoretically.  Equatorial  a 'd  rnmn-midnight  merid¬ 
ional  projections  of  the  plasma  sheet  are  given  in  Figures 
8-8  and  8-9.  respectively  (Vasyliunas.  I972|.  Both  projec- 
turns  show  that  the  plasma  sheet  extends  for  great  distances 
in  the  -  Xsm  direction.  The  plasma  sheet  has  a  distinct  inner 
edge  that  varies  as  a  function  of  l(Kal  time  and  the  level  of 
geomagnetic  activity  (Vasyliunas.  1968:  Frank.  I97l(.  The 
dynamics  of  the  inner  edge  of  the  plasma  sheet  are  well 
understiKxl  theoretically  and  arc  discussed  in  Section  8.6.2. 
The  equatorial  thickness  of  this  tioundary  is  ~  I  R|  and  is 
marked  by  a  ciK>ling  of  electron  temperatures.  Just  tailward 
of  this  boundary  plasma  sheet  electrons  have  an  average 
energy  of  -  I  keV.  During  periods  of  substorm  injections, 
the  temperature  of  electrons  may  rise  to  -  10  keV.  Tem¬ 
peratures  of  plasma  sheet  ions  tend  to  be  higher  than  those 
ol  electrons  by  a  factor' of  2  or  ntore. 

Figure  8- 10  is  a  cross  sectional  view  (»f  the  magnctotail 
portion  of  the  plasma  sheet.  It  has  a  minimum  thickness  in 
the  mid-tail  rcgiiin  and  flares  to  a  maximum  thickness  near 


Magnetopause 


Figure  S-8.  The  dislributkm  of  plasma  sheet  electron',  in  (he  equatorial  plane 
IVasyliunas.  1972). 


the  dawn  and  dusk  flanks  of  the  tail.  At  lunar  distance 
(Xsm  =  -60  Rk)  the  tail  radius  is  ~25  Rk.  The  average 
half-thickness  of  the  mid-tail  plasma  sheet  is  ~3  Rt.  During 
the  expansion  phase  of  substt>rms.  the  thickness  of  the  plasma 
sheet  in  the  tail  decreases  and  then  expands  during  the  re¬ 
covery  phase  (Hones  et  al..  1973).  At  lunar  distance  the 
average  density  of  the  plasma  sheet  is  —0. 1  cm’.  The  elec¬ 
tron  and  proton  temperatures  are  ~0.25  and  2.5  keV,  re¬ 
spectively  (Rich  et  al..  1973). 

The  remainder  of  this  subsection  is  concerned  with  the 
physical  mechanisms  responsible  for  particle  energization 
and  precipitation  in  the  plasma  sheet.  Energization  processes 
are  classified  as  either  adiabatic  or  non-adiabatic.  Examples 
of  non-adiabatic  energization  are  neutral  sheet  acceleration 
(Spei;«r.  I%7|.  stochastic  wave-particle  acceleration,  and 
healing  derived  from  magnetic  field  reconnection  and  an¬ 
nihilation.  Although  these  are  undoubtedly  important  sources 
of  particle  energy,  we  lirnit  ourselves  to  describing  adiabatic 
energization  in  some  detail.  Particle  precipitation  is  main- 


Fifiure  K-9.  The  dis(rihutit>n  of  niehtsidc.  plasma  shod  olcdrons  in  nicr- 
idional  plane  (Vasyliunas.  l%Xj. 
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Figure  8-10.  CnKS-sectional  view  of  magnetotail  looking  earthward. 

taincd  or  enhanced  either  by  magnetic-field  aligned  electric 
fields  (E||)  or  by  pitch  angle  diffusion.  E|i  is  very  important 
for  discrete  auroral  arc  formation.  Pitch  angle  diffusion  re¬ 
sults  froin  wave  particle  interactions.  Here  we  summarize 
briefiy  the  collective  piasma  modes  responsible  for  these 
phenomena. 

8.2.1  Adiabatic  Motion  in  the  Plasma  Sheet 

The  adiabatic  energization  of  plasma  sheet  particles  in¬ 
volves  the  related  concepts  of  adiabatic  invariance  and  guid¬ 
ing  center  motion.  The  general  concept  of  adiabatic  invar¬ 
iance  comes  from  classical  Hamilton-Jacobi  theory  |TerHaar, 
l%4j.  If  a  system  executes  a  periixiic  motion  in  a  force 
field  (F)  that  changes  slowly  in  time  with  respect  to  the 
period  (T) 


where  pi  and  ds  arc  momentum  component  and  distance 
along  B.  and 

(3)  the  flux  invariant 

<l»  =  #A-df'  (8.10) 

where  A  is  the  magnetic  vector  potential  a.id  df  a  distance 
element  along  a  particle  drift  trajectory  (Northrop,  l%3; 
Rossi  and  Olbert.  I970|.  Most  plasma  sheet  particles  citiier 
precipitate  or  follow  drift  trajectories  that  intersect  the  mag¬ 
netopause  before  they  can  drift  all  the  way  around  the  earlh, 
Thus,  in  the  plasma  sheer  only  the  first  and  second  invariants 
arc  of  interest.  The  third  invariant  is  important  for  under¬ 
standing  the  ring  current  and  radiation  belts  (Chapter  5). 

At  this  point  it  is  useful  to  introduce  the  related  concepts 
of  pitch  angle  and  magnetic  mirroring.  The  pilch  angle  of 
a  particle  (a)  is  defined  as  the  angle  between  its  instanta¬ 
neous  velocity  and  the  magnetic  field 


'(m  |b|)- 


Magnetic  mimning  results  from  the  constancy  of  a  particle’s 
magnetic  moment  and  total  energy.  The  totrl  energy  of  a 
non-relativistic  particle  of  mass  m  and  charge  q  moving 
with  a  velocity  v  in  combined  magnetic  and  electric  fields 


e  =  1/2  mvf  +  B  +  q  'I'  (8.11) 

where  'F  is  the  electrical  potential.  The  component  of  force 
exerted  along  B  is 


then  the  quantity 


I  =  ^  p  d  q. 


where  p  and  q  are  canonical  momentum  and  ciwrdinate 
variables,  is  a  constant  of  the  motion  known  as  an  adiabatic 
invariant.  Charged  particles  moving  in  the  earth's  magnetic 
field  may  have  as  many  as  three  periodicities  due  to  their 
gyration,  bounce,  and  drift  motions.  The  three  adiabatic 
invariants  asswiated  with  these  pcritKlicitics  are 
( I )  the  magnetic  moment 


dVi  flB  /)'!' 

m—  =  -  (Ji  - - q  — • 

dt  its  (Is 


The  second  term  on  the  right  hand  side  of  Equation  (8.12) 
is  due  to  field-aligned  electric  field  components  that  are 
discussed  regarding  auroral  arc  formation.  The  first  term  on 
the  right  hand  side  of  Equation  (8. 12)  is  the  magnetic  mirror 
force.  A  particle  at  the  magnetic  equator  (s  =  0)  with  pitch 
angle  a,,^  can  move  earthward  along  B  until  its  pitch  a  igle 
reaches  90°  (v.  =  \\„^a  =  0).  At  this  point,  it  is  reflected 
by  the  mimir  fofce  toward  the  magnetic  equator.  The  strength 
of  the  magnetic  field  at  the  mirn>r  point  is  designated  B  .i. 
The  toial  kinetic  energy  of  a  panicle  at  its  mirror  pt)int  is 
l/2mv-  =  (aBm.  Since  in  general  p.  =  l/2mv-  (sin-a)/B. 
the  magnetic  mirroring  condition,  in  the  absence  of  E  .  is 
often  written 


where  v,  is  the  component  of  velocity  perpendicular  to  the 
magnetic  field. 

(2)  the  longitudinal  invariant 

J  =  /pds.  ,  (8.9) 


The  line  integration  for  the  longitudinal  Invariant  pnKceds 
from  the  magnetic  equator  to  the  mirror  distance  (S\,). 
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The  notion  of  guiding  center  motion  is  more  general 
than  that  of  adiabatic  motion.  Under  many  circumstances 
charged  particle  motions  are  well-approximated  superpo¬ 
sitions  of  mc.ions  of  guiding  centers  and  gyrational  motion 
about  the  guiding  center.  For  example,  m  an  Uniform  mag¬ 
netic  field  the  equation  of  motion 

dv 

m  — -  =  q  (V  X  B)  (8.14) 

dt 


describes  a  particle  that  gyrates  with  a  circular  frequency 
fl  =  qB/m  abt)ut  a  field  line  and  moves  along  the  field  line 
(its  guiding  center)  with  a  constant  velocity.  In  the  presence 
of  an  external  force  field  F  that  is  perpendicular  to  B.  the 
equation  of  motion 

dv 

m-—  =  q(vx  B)-l-F  (8.15) 

dt 


can  be  reduced  to  the  form  of  Equation  (8.14)  by  trans¬ 
forming  to  a  coordinate  system  moving  with  a  drift  velocity 


V„ 


F  X  B 

qB- 


In  this  frame  of  reference  the  motion  of  the  particle  about 
B  is  purely  gyrational. 

The  most  importart  drifts  within  the  magnetosphere  are 
caused  by  electric  fields 


V,  = 


E  X  B 
B-  • 


(8.16) 


magnetic  field  gradients 


V,-.  = 


p.B  X  VB 
qB-’  • 


(8.17) 


and  magnetic  field  line  curvature 


^  mv,-  R  X  B 

Vf  — 


K-  qB- 

,  B  X  ;B  •  V)  B 

p,y - - - 

qB^ 


(8.18) 


With  the  expressions  for  the  adiabatic  invariants  [Equa¬ 
tions  (8.8)  and  (8.9)|  and  guiding  center  drifts  [Equations 
(8. 16).  (8' 17).  (8. 18)[  we  may  understand  ( 1 )  the  adiabatic 
heating  of  magnetospheric  plasma,  (2)  the  exi.stence  of  a 
ring  current,  and  (3)  the  px)sition  of  the  inner  boundary  of 
the  plasma  sheet. 

Both  the  viscous  interaction  and  the  magnetic  merging 
models  require  that  particles  in  the  nightside  plasma  sheet 
be  “adiabatically"  heated  as  they  convect  earthward  under 
the  influence  of  a  dawn  to  dusk  electric  field.  In  this  motion, 
each  particle's  magnetic  moment  l/2mV  i’/B  is  a  constant. 
Consider  a  particle  mirroring  in  the  equatorial  plane.  J  =  0. 
As  it  drifts  from.  say.  30  R,.;  in  the  magnetotail  where  B  ~  20 
nT  to  a  distance  of  6  Rj.;  where  B  ~  140  nT,  its  kinetic 
energy  must  incrca.se  seven  fold.  Particles  with  J  0  gain 
kinetic  energy,  not  only  from  the  conservation  of  p..  but 
also  from  the  apparent  motion  of  magnetic  mirror  points 
(conservation  of  J).  In  moving  from  equatorial  crossings  of 
30  Rk  to  6  Ri-,.  particles  find  themselves  on  shorter  and 
shorter  field  lines.  Since  ^P]ds  must  be  a  constant,  pn  must 
increase  as  particles  convect  earthward. 

From  the  conservation  of  energy,  it  is  seen  that  an  in¬ 
crease  in  partiele  kinetic  energy  must  be  due  to  a  decrease 
in  potential  energy.  The  potential  energy  is  electrical:  that 
is, 

^(l/2mv=)  =  q(Vp-E>.  (8.19) 

dt 

The  brackets  in  equation  (8. 19)  are  used  to  represent  time 
averaging  over  a  gyroperiod,  and  Vd  is  the  total  drift  ve¬ 
locity.  Since  Vi,  is  pieipendicular  to  E.  only  Vj;  and  Vc 
contribute.  Hines  [I963|  has  shown  that  the  energy  gained 
by  “adiabatically  cofnpressing"  a  magnetospheric  plasma  is 
equivalent  to  the  kinetic  energy  gained  by  gradient  and 
curvature  drifting  in  the  direction  of  an  electrostatic  potential 
gradient. 

Guiding  center  motion  is  the  simplest  basis  for  under- 
.standing  the  earth's  ring  current.  The  existence  of  a  west¬ 
ward  current  encircling  the  earth  can  be  inferred  directly 
from  decreases  in  surface  values  of  the  horizontal  compKi- 
nent  of  the  earth's  field  during  the  main  and  recovery  phases 
of  magnetic  storms  (Chapter  4).  The  general  expression  for 
current  density  is  given  by  a  sum  over  plasma  spiecies 

j  =  2  9-  V|)., 


where  R  is  the  magnetic  field  line  radius-of-cuivature  vec¬ 
tor.  Note  that  V,,  and  V,  dc;)cnd  on  both  the  particle's 
energy  and  charge:  V,  depends  on  neither.  Protons  (elec¬ 
trons)  gradient  and  curvature  drift  toward  the  west  (east). 
In  the  nearly  dipolar  part  of  the  inner  plasma  sheet,  V,j  and 
\c  are  of  comparable  magnitudes.  Due  to  sharp  magnetic 
field  line  curvature  across  the  neutral  sheet.  V(  >  in 
the  magnetotail. 


Assuming,  for  simplicity,  that  the  ring  current  is  made  up 
of  a  single  ion  soccies  (H  ‘ )  then  the  current  density  is 

Jr  ~  nq  (V|).  —  V|)..)  (8.20) 

Since  V,  is  independent  of  charge,  only  V,-  and  V,-  con- 
U'bute  to  Equation  (8.2()).  Recall  that  for  protons  (elec¬ 
trons).  V,i  and  V(  are  westwards  (eastwards).  In  an  equiv- 
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alent  fluid  description,  is  driven  by  niagnetospheric  pressure 
gradients.  During  the  main  phases  of  m.>gnetic  storms  and 
the  expansion  phases  of  substorms,  particles  are  energized 
and  injected  into  the  inner  magnetosphere  by  intense  electric 
flelds.  With  the  onset  of  recovery  phase  ‘he  electric  fields 
decrease  in  intensity  and/or  are  shielded  from  the  inner 
magnetosphere.  Injected  particles  find  them.selves  on  closed, 
stably  trapped  orbits  in  which  they  gradient  and  curvature 
drift  around  the  earth.  During  recovery,  phase  these  particles 
are  slowly  removed  from  the  ring  current  by  precipitation 
or  by  charge  exchange  with  low  energy  neutrals  (Chapter 
5). 

The  position  and  shape  of  the  inner  edge  of  the  plasma 
sheet  is  determined  by  the  drift  motions  of  plasnia  sheet 
particles.  Vg  decomposes  into  drifts  due  to  "convective” 
(Vg^)  and  “corotational  '  (V|.;,j)  electric  fields.  In  the  fol¬ 
lowing  discussion,  we  use  the  symbols  Ec  to  represent  the 
“convective”  electric  field  imposed  by  the  .solar  wind  on.  the 
magnetosphere  and  E,i  to  represent  the  corutation  electric 
field.  The  direction  of  is  eastward  for  all  particles. 
For  simplicity  let  us  consider  the  drift  motions  of  charged 
particles  having  pitch  angles  in  the  equatorial  plane  of  90°. 
The  conservation  of  energy  Equation  (8.11)  immediately 
tells  us  that  cold  (pi  =  0)  particles  are  constrained  to  E  x  B 
drift  along  equipotentials.  Panicles  with  non-zern  p.  drift 
along  surfaces  of  constant  ('P  +  pB/q). 

In  the  magnetotail,  particles  predominately  drift  earth¬ 
ward  under  the  influence  of  a  dawn  tc  dusk  E-field.  As  they 
approach  the  earth,  electrons  acquire  significant  eastward 
drifts  due  to  both  and  Vh„.  Since  both  of  these  drifts 
are  eastward,  cold  electrons  with  Vq  =  0  drift  closer  to  the 
earth  before  their  eastward  drifts  dominate  over  their  e.irth- 
ward  drifts.  For  this  reason  outbound  satellites  encounter 
cold  before  hot  electrons  at  the  plasma  sheet’s  inner  edge 
[Kivelson  et  al..  1979|. 

The  boundary  between  cold  electrons  that  drift  along 
equipotentials  from  the  tail  and  those  that  corotate  on  closed 
trajectories  is  called  the  zero-energy  Alfven  layer  or  the 
inner  boundary  of  the  plasma  sheet.  Linder  steady  convective 
electric  field  conditions,  cold  electrons  that  dnit  in  from  the 
magnetotail  without  precipitating  eventually  cross  the  day- 
side  magnetopause.  Thus,  the  inner  boundary  of  the  plasma 
sheet  is  the  boundary  between  closed  (corotation  dominated) 
and  open  (convection  dominated)  equipotentials. 

Before  calculating  the  shape  of  the  last  closed  equipo- 
tential.  we  note  that  for  protons,  Vc,  and  are  oppositely 
directed.  This  leads  'o  more  complex  drift  paths  for  protons 
than  electrons.  Protons  with  p  =/=  0  can  drift  earthward  of 
the  zero-energy  Alfven  boundary  in  the  evening  local  time 
sector.  The  different  drift  paths  of  protons  and  electrons 
eventually  lead  to  the  build  up  of  polarization  electric  fields 
near  the  inner  edge  of  the  plasma  sheet.  The  main  effects 
of  the  polarization  field  are  tc  shield  Ec  from  the  inner 
magnetosphere  and  to  distort  its  dawn  to  dusk  orientation 
in  the  plasma  sheet. 

As  a  function  of  distance  T.  and  local  fime  .*  in  the 


equatorial  plane  of  the  magnetosphere,  the  form  of  the  elec¬ 
tric  potential  is 


'F  (R.  <|>) 


R 


C  R^  sin  <t> 


(8.21) 


where  fl  =  7.3  x  KT’s  '  is  the  angular  spin  velocity  of 
the  earth,  C  is  a  constant  to  be  determined,  and  y  is  a 
parameter  that  reflects  the  level  of  electrical  shielding.  The 
ca.se  y  =  1  corresponds  to  a  uniform,  dawn  to  dusk  Ec  that 
completely  penetrates  the  inner  magnetosphere.  Best  em¬ 
pirical  values  of  y  are  in  the  range  of  2  to  3  lEjiri  dt  al.. 
1978;  Gussenhoven  et  al.,  1981 1.  The  value  of  C  is  deter¬ 
mined  by  noting  that  En  is  directed  radially  inward  and  Ec 
is  mostly  the  Ysm  direction.  In  the  dusk  sector  Ed  and  Ec 
are  oppositely  directed.  Depending  on  the  st.ength  of  Ec. 
there  is  a  stagnation  point  along  the  1800  I  T  (<|)  =  3it.'2) 
axis  of  symmetry  where  the  two  fiel  -  exacly  cancel. 


d  R 


=  0.  (8.22) 

R  =  Rs 


Substitution  of  Equation  (8.21)  into  (8.22)  gives 


n  B.JR?: 

yR^.V  *  U- 


(8.23) 


Thus. 


(8.24) 


where  we  have  made  the  substitution  L  =  R/Rk  and 
Ls  =  Rs/Ri:-  The  common  term  D  B  ,R|;'  is  —90  kV.  The 
potential  of  the  stagnation  {x>int  is 

'P^Ls.,^^  =  -^1  >  +  l/7|kV.  (8  25) 

Since  along  the  6  =  3itl2  line  E,-  <  (>)  E,|  for  L  <  (>) 
Ls.  Equation  (8.25)  gives  the  pirtential  of  the  zero-energy 
Alfven  Ixiundary.  By  setting  the  term  in  brackets  on  the 
right  hand  side  of  Equation  (8.24)  equal  to  1 1  +  1/y  |,  we 
arrive  at  the  equation  for  the  zem-energy  Alfven  b*Mjndary 
in  the  equatorial  plane  as  a  function  of  distance  from  the 
center  of  the  earth  (l..\)  and  local  time 

(L  '  I 

j  sin  4  +  (y  ll^  -  y  =  0.  (8.26) 

Ls  /  Ls 
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Southwixx)  and  Kaye  1 1979]  have  shown  that  loan  cxcelicni 
approximation 


wlicre  S  =  I  cos  (<|)  -  ir/2)/2  |  .  The  solution  is  exact  when 
7=1.  Figure  8- 1 1  shows  that  the  shape  of  the  last  equi- 
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Kijiuiv  H-l  I ,  Shiipcv  nt  Iasi  cliM-d  cquip<ilc;nltil  liir  variiius  values  i>f  "y  |Kjiri 
etal  .  I97X| 


p'tential  varies  from  an  elongated  tear  drop  for  7  =  1  to 
f.  circle  for  7  =  ^-.  Nvite  that  Kquations  (8. .’6)  or  (8.27) 
only  allow  calculaiions  of  the  shape,  hut  not  the  distance 
to  the  Alfven  boun  dary,  l.s  defends  on  K,  .  which  varies 
with  condition  in  the  solar  wind  and  with  the  level  of  mag- 
neti'-  activity.  It  is  convenient  to  defer  further  comment  on 
the  AIf.en  N)undary  until  we  have  discussed  its  ionospheric 
projection,  the  equatorw  ard  boundary  of  diffuse  aur0r.1l  pre¬ 
cipitation. 

8.2.2  Pifeh  Angle  DifTusion  of  Plasma  Sheet 
Particles 

The  final  topic  to  be  considercil  under  the  heading  of 
genera'  magnelosphcric  poKCsse.  is  particle  precipitation. 
To  anticipate  oiir  discussion  of  the  ionosphere,  we  note  that 
instrimientation  on  satellites  passing  through  the  dilfuse  au¬ 
roral  ionosphere  measure  Iluxes  of  electrons  and  protons 
that  are  isotropic  over  the  downcoming  hemisphere.  The 
continuous  precipitiilion  of  plasma  sheet  electrons  and  pro¬ 


tons  into  the  auroral  ionosphere  cannot  be  explained  in  terms 
of  the  individual  particle  mrxlcl  that  we  have  been  using. 
The  problem  is  illustrated  simply  in  Figure  8-12  where  we 
sketch  sequential  iswontours  of  particle  distribution  func¬ 
tions  in  the  magnetosphcric  equatorial  plane.  Figure  8- 1 2a 


Figure  K-12.  lst)Con^)u^s  uf  distributkm  functums  with  (a)  iM)(n)pic  and  (b) 
k)sv  cone  diNthbutions. 

represents  an  isotropic  population  at  some  initial  time.  Par¬ 
ticles  with  u,.^  ^  9()°  (V||  ^  0)  move  along  field  lines  to¬ 
ward  their  mirror  point.s.  If  their  mirror  points  art  suffi¬ 
ciently  deep  in  the  atmosphere,  typically  altitudes  <  2(X) 
km.  the  particles  arc  lost.  Otherwise  they  return  to  the 
magnetosphere.  If  we  designate  the  strength  of  the  magnetic 
field  at  an  altitude  of  2(X)  km  as  B(2(X)).  then  Fquation 
(8.13)  shows  that  particles  initially  with  equatorial  pitc.n 
angles 


are  lost  after  a  few  bounce  periods.  .Such  particles  are  said 
to  be  in  the  atmospheric  loss  cone.  For  plasma  sheet  particles 
cj|  is  —2°.  Figure  8- 12b  shows  the  distribution  after  several 
bounce  periods  as  made  up  of  the  initial  (xtpulation  minus 
an  empty  loss  cone.  Particle  motion  that  conserves  p,  and 
J  allows  no  further  loss. 

Kennell  and  Peischek  (!966|  pointed  out  that  above 
certain  particle  Ilux  levels,  loss  cone  distribution  functions 
such  as  shown  in  Figure  8- 1 2b  are  unstable  to  the  growth 
of  w'histler  waves.  The  waves  grow  in  energy  by  causing 
panicles  to  dilTuse  into  the  loss  cone.  To  produce  strong 
pitch  angle  diffusion,  that  is.  maintain  isotropy  over  the  loss 
cone,  a  resonant  condition  must  be  fulfilled  Resonant  scat¬ 
tering  occurs  for  particles  whose  energy 's  equal  to  that  of 
the  magnetic  energy  per  particle 

- .  (8.29) 

2  p„n 

This  nuKlel  successfully  explains  (lux  limits  observed  for 
St  ibly  trapped  ring  current  particles  The  requirei.icnl  fir 
reson.'nl  pitch  angle  diffusion  given  in  fiquat'.on  (8.29)  was 
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iTipirically  verified  by  observations  of  the  proton  ring  cur¬ 
rent  from  Explorer  45  during  the  magnetic  storm  of  De¬ 
cember  1971  [Williams  and  Lyons,  19741. 

'  An  examination  of  the  resonance  condition  given  in 
Equation  (8.29)  shows  that  a  whistler  mode  instability  can¬ 
not  be  responsible  for  strong  pitch  angle  scattering  in  the 
plasma  sheet.  At  geostatitaiary  altitude  (6.7  R|.)  in  the  plasma 
sheet,  B  ~  100  nT  and  n  —  I  cm'.  This  gives  a  magnetic- 
field  energy  density  in  eV/cm'  of  2.5  B'(nT).  A  resonant 
energy  of  —25  keV  is  well  in  excess  of  mean  thermal  ener¬ 
gies  for  either  electrons  or  protons  in  the  plasma  sheet. 

Realizing  that  whistler  mode  interactions  could  not  ex¬ 
plain  the  isotropic  precipitation  of  plasma  sheet  particles, 
investigators  in  the  1970s  concentrated  on  sources  of  elec¬ 
trostatic  wave  energy.  There  are  two  important  develop¬ 
ments  from  the  decade  of  which  we  take  note.  The  first 
concerns  direct  observations  of  broadband  electrostatic  noise 
all  along  magnetic  field  lines  connecting  the  auroral  iono¬ 
sphere  to  the  equatorial  plasma  sheet  (Gumeti  and  Frank, 
19771.  "The  amplitudes  of  observed  waves  are  of  sufficient 
intensity  to  drive  strong  pitch  angle  scattering.  The  second 
development  concerns  the  theoretical  recognition  of  the  role 
played  by  cold  plasma  for  making  available  free  energy 
contained  in  anisotropic  pitch  angle  distributions.  Cold  plasma, 
of  ionospheric  origin,  in  the  plasma  sheet  can  produce  ve¬ 
locity  space  gradients  in  the  total  distribution  functions 
(  t)  f/  Ov  >0)  that  are  unstable  to  the  growth  of  (N  -f  1/2) 
electron  cyclotron  waves  (Young  et  al.,  1973)  and  lower 
hybrid  ion  waves  (Ashour-Abdalla  and  Thorne,  1978).  Nu¬ 
merical  studies  show  that  such  waves  are  unstable  over 
restricted  ranges  of  parameter  space  Measuring  low  den¬ 
sity.  cold  plasma  embedded  in  a  hot  plasma  sheet  is  ex¬ 
perimentally  difficult.  A  successful  measurement  of  the  cold 
plasma  component  is  a  critical  requirement  for  our  under¬ 
standing  plasma  sheet  processes. 


8.3  ELECTRICAL  COUPLING 
OF  THE  MAGNETOSPHERE 
AND  IONOSPHERE 

Before  discussing  the  eicctrixlynamics  of  the  high  lati¬ 
tude  ionosphere,  it  is  useful  to  review  briclly  the  theory  of 
magneiosphere-ionosphere  coupling.  Vasyliunas  j  I97()|  has 
developed  a  thc*oretieal  nwxlel  that  illustrates  the  physical  laws 
describing  how  magnetospheric  convention  couples  with  the 
ionosphere.  The  model  ,  is  presented  in  Figure  8-l.t 
in  the  form  of  a  closed  lix>p  of  equations  (straight  lines)  and 
of  quantities  to  be  determined  (boxes).  External  sources  of 
particles,  cross -magnetospheric  potentials,  neutral  winds  in 
the  ionosphere  and  so  forth,  are  imposed  boundarv  condi¬ 
tions  b  i(»p  of  equations  is  sclf-cxinsi.stenlly  closed. 

It  can  ! :  d  1!  liny  point.  Let  us  assume  that  we  have  an 

initial  idea  about  the  distribution  of  magnetospheric  electric 
fields  and  particles 
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Figure  8-1.^.  Outline  of  self  consistent  calculation  of  magnetospheric  con¬ 
vection  [Vasyliunas.  I970|. 


(a)  First  link:  with  knowledge  of  the  electric  field,  we 
calculate  the  motion  and  distribution  of  protons  and  elec¬ 
trons  in  the  magnetosphere,  and  hence  the  total  plasma 
pressure  at  any  point. 

(b)  Second  link:  from  the  plasma  pressure  gradients,  wc 
calculate  the  components  of  the  electric  current  perpendic¬ 
ular  to  the  magnetic  field.  That  is.  from  the  force  balance 
equation 


we  calculate 


V  p  =  j  X  B 


(8.301 


B  X  r  p 

B-’ 


(8.311, 


For  simplicity  wc  have  assumed  that  the  pressure  is  iso¬ 
tropic. 

(c)  Third  link:  by  calculating  the  divergence  of  the  per¬ 
pendicular  current  and  averaging  over  each  flux  tube,  w< 
obtain  (j, )  the  field  aligned  rurrents  (FAC)  flowing  betweet 
the  magnetosphere  and  the  ionosphere. 


(d)  Fourth  link:  from  the  requi-  ■  these  fieic 
aligned  currents  be  closed  by  perpemii  ilipiic  currenf 
in  the  ionosphere,  we  obtain  the  configuration  of  the  clectrit 
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field  in  the  ionosphere.  The  continuity  of  ionospheric  current 
requries  that 

V'I=j,;Sinx  (8.33) 

where  I  is  the  height  integrated  current  and  x  the  inclination 
of  magnetic  field  lines.  In  the  ionosphere 

I  =  •  (E  +  V„  X  B)  (8.34) 

where  is  the  height  integrated  conductivity  tensor  and  V„ 
is  the  neutral  wind  velocity 

(c)  Fifth  and  final  link:  the  ionospheric  electric  field  can 
be  mapped  into  the  magnetosphere,  and  the  requirement  that 
it  agree  with  the  magnetospheric  electric  field  assumed  at 
the  outset  determines  the  field,  and  thus  closes  the  system 
of  equations.  Except  near  discrete  arcs,  the  mapping  may 
be  done  by  assuming  that  majinetic  field  lines  are  equipo- 
tentials.  There  is  empirical  evidence  suggesting  a  functional 
relationship  between  j|,  in  discrete  arcs  and  field-aligned 
potential  drops  [Lyons  et  al.,  19791.  We  note  in  passing 
that  the  Rice  University  group  has  successfully  simulated 
the  ionospheric  features  of  a  magnetospheric  substorm  using 
this  model  [Harel  et  al..  1981. 

From  Liquations  (8.33)  and  (8.34).  it  is  clear  that  meas¬ 
urements  of  E  and  ji  are  critical  for  understanding  the 
magnetosphere-ionosphere  circuit.  Measurements  of  pre¬ 
cipitating  particle  fluxes  are  needed  to  ( 1 )  understand  spatial 
variation  in  il.  (2)  identify  the  dominant  carriers  of  j|,.  (3) 
calculate  field-aligned  potential  drops,  and  (4)  help  distin¬ 
guish  fx'twcen  topologically  different  regions. 

8.4  HIGH  LATITUDE  ELECTRIC  FIELDS 

Electric  fields  at  ionospheric  altitudes  are  measured  from 
potential  differences  between  the  ends  of  extended  IxMims 
on  satellites  [Fahleson.  I967|  and  from  the  E  x  B  drifts 
of  cold  plasma  IHanson  and  Hcelis.  I97.‘>|.  In  principle, 
j;  can  be  determined  IVom  particle  fluxes.  With  present  tech¬ 
nology.  full  distribution  functions  of  i<»ns  and  electrons  can¬ 
not  be  measured  with  sufticient  accuracy.  For  this  reason, 
highly  rensitive  triaxial  Iluxgatc  m  ignetomcters  [Armstrong 
and  Zmuda,  I973I  itte  used  to  determine  j  from  magnetic 
deflections.  Particle  (luxes  in  approximately  the  energy  range 
10  cV  to  .VI  keV  are  measured  by  means  of  continuous 
channel  electron  multipliers  (channeltrons)  placed  Ix’hind 
electrostatic  energy-analy/e'rs  [Gold.  I9.S9[. 

It  is  useful  to  explain  the  formal  of  high  latitude  data 
presented  in  the  following  subsections  by  providing  an  ex¬ 
ample  of  the  simplest  kinds  of  electric  fields  and  magnetic 
field  deflection .  expected  to  he  measured  by  instrumentation 
on  a  polar  orbiting  satellite.  Figure  8- 14a  shows  the  trajec¬ 
tory  .if  a  satellite  in  circular  polar  orbit  with  the  ascending 
node  at  the  dusk  ( l8fX)  LT )  meridian.  We  define  a  satellite 


(b) 


Figure  8-I4.  (a)  Field-aligned  currents  and  electric  fields  as  seen  by  polar 
orbilting  satellite  in  dawn-dusk  meridian,  (b)  Ideatired  elec¬ 
tric  field  and  magnetic  perturbation  measurements 


centered  ewrdinate  system;  X  is  positive  along  the  satellite 
vekx'ity;  Z  is  positive  toward  kx.'al  nadir;  Y  completes  the 
right-hand  system.  In  the  dawn-dusk  meridian  Y  is  positive 
in  the  antisunward  direction.  At  high  latitudes  in  the  northern 
(southern)  hemisphere  we  approximate  B  as  being  along  the 
-F  (  -  )  7.  axis.  Figure  8- 1 4a  also  shows  dusk  to  dawn  electric 
fields  in  the  auroral  ovals  and  uniform  dawn  to  dusk  electric 
fields  across  the  p<dar  caps.  The  convective  electric  field 
icverses  directions  near  the  poleward  boundary  of  the  au¬ 
roral  oval  and  gix's  to  zero  at  the  equati.rward  boundary. 

The  governing  equations  arc  current  continuity  [Equa¬ 
tion  (8,3.3)|,  Ohm's  law  [Equation  (8..14)|  and  the  Maxwell 
equation 

V  X  B  =  pi„j  (8.3.1) 

In  the  infinite  current  sheet  approximation,  these  equations 
may  be  combined  to  eliminate  ji  and  reduce  to 

—  [AB;  -  ti„i;pEx|  =  b  (8.36) 

fix 

where  AB-,  is  the  deflection  of  the  magnet'c  field  due  to 
ji  and  is  the  height-integrated  Pedersen  conductivity 
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[Smiddy  et  al..  I980|.  Except  near  l(Kat  noon  at  the  dayside 
cusp  and  near  local  midnight  at  the  Harang  discontinuity 
where  there  are  significant  divergences  of  the  ionospheric 
Hall  current  IRostoker.  I980|,  Equation  (8.36)  is  a  very 
useful  approximation.  It  tells  us  that  for  a  uniformly  con¬ 
ducting  ionosphere,  fluctuations  in  the  transverse  magnetic 
field  component  should  track  variations  in  the  meridional 
component  of  the  electric  field.  Deviations  from  correlated 
variations  are  due  to  the  presence  of  conductivity  gradients. 
Figure  8- 1 4b  is  a  plot  of  Ex  and  ABy  expected  over  a  full 
orbit  assuming  a  uniform  ionospheric  conductivity.  Positive 
(negative)  slopes  in  ABy  correspond  to  regions  of  current 
into  (out  of)  the  ionosphere.  Thus,  due  to  the  divergence 
of  ionospheric  Pedersen  currents,  a  field-aligned  current 
(FAC)  should  flow  into  the  ionosphere  at  the  equatorward 
boundary  of  the  dusk  side  oval  and  out  at  the  poleward 
boundary.  The  morning  side  oval  currents  have  the  opposite 
polarity.  If  there  are  significant  Pedersen  currents  across  the 
polar  cap.  the  poleward  FAC  systeot  should  be  of  greater 
intensity  than  the  equatorward  system. 

In  the  following  subsections,  ABy  is  given  as  a  function 
of  time  rather  than  distance.  Since  satellites  at  ionospheric 
altitudcs  travel  at  speeds  of  ■-7  km/s.  Equation  (8.3.5)  can 
be  transformed  to  give  a  convenient  expression  for  j| 


0.11.3 


a  AB,(nT) 
a  t(s) 


(8.37) 


A  current  of  i  p,A/m-  corresponds  to  a  locally  unbalanced 
flux  of  -  lO'^/cm -s '. 

Finally,  in  both  the  polar  cap  and  the  auroral  oval  we 
refer  to  small-  and  large-scale  structures.  Small-scale  struc¬ 
tures  have  latitudinal  dimensions  of  a  few  tens  of  km  or 
less.  They  are  traversed  by  satellites  in. a  few  secitnds. 
Discrete  arcs  and  inverted- Vs  are  example’s  of  small-scale 
.structures.  Somewhat  arbitrarily,  we  define  large-scale  sys¬ 
tems  as  having  latitudinal  dimensions  greater  than  l(X)  km. 


The  E  field  and  FAC  systems  shown  in  Figure  8- 14b  are  of 
large  scale. 


8.5  POLAR  CAP  ELECTRODYNAMICS 

This  section  treats  three  topics:  (.1)  large-scale  electric 
field  patterns.  (2)  electron  precipitation  morphologies,  and 
(3)  characteristics  of  discrete,  sun-aligned  arcs  in  the  polar 
cap.  Here  we  use  the  term  "polar  cap"  to  designate  the 
portion  of  the  high  latitude  ionosphere  containing  only  open 
magnetic  field  lines.  Precipitating  particles  on  tbi  se  field 
lines  should  be  of  direct  magnetosheath  origin.  Except  pos¬ 
sibly  during  periixls  of  northward  interplanetary  magnetic 
field  (IMF),  cold  ionospheric  plasma  should  convect  in  the 
antisunward  direction  under  the  influence  of  a  dawn  to  dusk 
electric  field.  , 


8.5.1  Large  Scale  Eiertric  Fields  Patterns 

Table  8-1  lists  the  six  polar  orbiting  satellites  launched 
to  date  that  were  capable  of  measuring  ionospoheric  electric 
fields.  Data  from  the  double-probe  experiment  on  Injun  5 
confirmeo  the  existence  of  convective  reversals  near  the 
poleward  boundaries  of  the  auroral  oval.  An  inclination  of 
68“  allowed  the  Atmospheric  Explorer  (AE-C)  driftmeter  to 
measure  convective  drifts  in  the  oval  but  usually  not  in  the 
p»'lar  cap.  The  AE-D  satellite  had  an  inclination  of  90'  but 
failed  ~  4  months  after  launch.  The  orbit  was  initially  clo.se 
to  the  ntH>n-midnight  meridian  and  precessed  toward  dawn- 
dusk.  Because  of  the  high  altitude  of  S3-3,  its  near-apogee 
data  have  been  most  useful  for  identifying  the  small-scale 
features  of  auroral  arc/in  verted- V  phenomena.  The  OGO  6 
and  S3-2  satellites  spent  sufficient  periixls  of  time  near  the 
daWn-dusk  meridian  to  identify  the  main  large-scale  features 
of  polar  cap  convection. 


Tahlv  S-1  .Suicllile'  capahle  nf  iiWa>uring  clctlne  ficW> 


SATELLITE 

LAUNCH  DATE 

INCLINATION 

INITI.AL 
APfXfEE  (km) 

TYPE 

INSTRUMENT 

Injun  .5 

Aug  1968 

81“ 

2550 

double 

probe 

CXiOb 

June  1969 

82“ 

1600 

di>uhle 

probe 

AE-C 

IX-c  1973 

68“ 

Am) 

drift 

meter 

AE-D 

(X-t  197.5 

90“ 

40(X) 

drift 

meter 

S,V2 

IX-c  1975 

96“ 

1.5.50 

double 

probe 

S3- 3 

■Aug  1976 

98“ 

8050 

double 

probe 
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Two  examples  of  Ky  measured  by  OGO  6  al  northern 
tsumnier)  high  latitudes  arc  given  in  Figure  8-15.  Except 
for  small-scale  variations,  the  main  features  of  the  expected 
Ex  patterns  are  found  in  the  auroral  oval.  The  example  in 
the  top  trace  is  citnsistent  with  a  unifonn  dawn  to  dusk 
electric  field  across  the  polar  cap.  In  the  bottrrm  trace  Ex 
has  relatively  high  (low)  values  near  the  morning  (evening) 
flank  of  the  polar  cap. 

A  simplified  summary  of  large-scale  electric  field  pat¬ 
terns  identified  by  Meppner  1 1972|  is  given  in  Figure  8-16. 

Type  A:  Uniform  Ey  across  polar  cap.  These  were 
observed  hy  OGf^  6  only  in  the  northern 
(summer)  ptilar  cap. 

Type  B:  Strong  Ey  near  the  morning  (evening)  flank 
of  the  northern  (southern)  polar  cap. 

Type  D:  Strong  Ey  near  the  evening  (morning)  flank 
of  the  northern  (southern)  polar  cap. 

Type  F:  Strong  Ey  along  flanks  of  ptilar  cap  with 
weak  fields  in  the  central  polar  cap. 

Type  1:  Irregular  fields  across  the  polar  cap. 

Types  A  and  D  (B)  were  found  when  the  IMF  was  in  a 
toward  (away)  structure. 

During  the  last  three  months  of  1976  the  S.^-2  orbit  was 
close  to  the  dawn-dusk  meridian.  Figure  8-17  is  a  scatter  plot 
of  lleppner's  patterns  observed  in  S.V2  data  as  a  function  of 
IMF  By  and  Bi .  It  is  seen  that  A  and  B  types  are  found  only 


when  By  >  0.  For  both  OGO  6  and  S.^-2.  A  types  are  only 
found  in  the  summer  hemisphere  and  are  associated  with  the 
IMF  polarity  that  tends  to  pnxluce  strong  E  fields  along  the 
evening  flank  Of  the  polar  cap.  The  (xrcurrence  ration  of  A 
to  B  was  2: 1  in  S.^-2  data;  the  A  to  D  ratio  was  .5;  1  in  June 
1969  OGO  6  data.  The  dependence  of  D  types  oh  By  (upper 
right  plot)  agrees  with  OGO  6.  The  type  F  patterns  were  found 
when  By  ~  0.  The  distribution  of  B.  D.  and  F  patterns  lend 
to  confirm  the  critical  role  of  By  [Friis-Christensen  cl  al., 
,I972|.  A  survey  of  S.V2  measurements  shows  that  A.  B.  D, 
and  F  types  are  found  when  B/  <  0.5  nT.  Type  I  shows  no 
correlalitm  with  By  tir  By .  The  highly  irregular  electric  fields 
are  found  only  when  B/  '>  0.  Type  I  patterns  are  further 
discussed  heli'w  in  connection  with  polar  cap  arcs 

An  example  of  an  E-field  pattern  that  was  found  in  ep- 
proximately  half  the  summer  ptdar  cap  passes  of  S.^-2  when 
B/  >  0.7  nT  is  shitwn  in  Figure  8-18.  During  S.'(-2.  Rev  5215 
southern  high-latitudc  pass  B/  was  4.9  nT  |Burke  el  al..  1979]. 
As  expected  for  driving  sunward  convection  in  the  auroral 
oval.  Ey  was  directed  from  dusk  to  dawn.  At  the  poleward 
boundary  of  the  oval.  Ey  reversed  polarity  beexaning  dawn  to 
dusk  near  the  morning  and  evening  flanks  of  the  polar  cap. 
Within  the  central  polar  cap  Ey  was  directed  fmm  dusk  to 
daw  n  Sunw  ard  cxinveclion  in  the  central  polar  cap  is  incon¬ 
sistent  with  a  viscous  interaction  nuxlel  It  was  theoretically 
anticipated  a*  a  consequence  of  the  magnetic  nierging  model 
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CROSS -POLAR  CAP  JUNE, 1969 

ELECTRIC  FIELD  PATTERNS  OGO-6 
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Fipiit(t-I6  Tv-pexofeletlnc  Ikkl  pjK‘cfHM>**ven«Jb>  0006  and  Ihcir  Fi|£ureK-l*  Htamplc  itf  sunvtani  cimvcttHia.  dusk  to  dawn  ciccinc  held 
dependence  of  IMF  Bx  and  B,  IHcppncf.  Id7;|.  m  the  central  pidar  cap  dunnp  a  petnaJ  of  noclhcn  IMF 


IMF  B,  (nT) 


Figure  8-17.  Scatter  plot  of  convective  electric  field  pattems  tibscrvcd  by 
S3-2  as  a  function  of  IMF  Bx  and  By. 


IRussell.  m72|.  Sunwanl  convcctitin  in  the  summer  pitlar  cap 
during  pcritxis  of  norihwani  B/  is  ctinsislcrn  with  both  grtnind 
magrictomcter  (Macr.awa.  1976)  and  laht>rati>r>'  simulation 
(Podgomy  et  al..  197K|  results 

The  enrss  p  iar  cap  potential  Ji'P,^  can  be  derived  frt>m 
satellite  elc*ctric  held  measurements  and  is  an  important 
param  ’er  for  magnctttsphenc  nwtdeliiig.  This  pirtential  (in 
volts!  gives  the  rate  (in  webers/s)  that  magnetic  flux  is 
imnsfened  friHii  (he  Jay  to  the  night  side  of  the  iiiagnclo- 
sphere.  Based  on  two  weeks  of  C)G<)  6  data  Heppner  1 1977) 
found  that  on  the  average  increased  tn>m  20  to  100 
kV  as  the  magnetic  index  Kp  increased  from  0  to  6.  There 
were  mdividua!  cases  in  which  signilicantly  exceeded 
lOO  kV. 

Reiff'et  al.  |I9SI|  anals/ed  32  nTcasurenKnls  of  A'l'^, 
Irom  Ak-C  and  Ak-l)  as  a  lunciion  o!  vanous  solar  wind 
and  IMP  paraiiK'tcrs.  Tocalculatc  nxirging  rates  that  account 
for  compression  of  the  IMF  in  the  magnetoshcath.  B  al  the 
magnetopause  was  set  at  the  lesser  of  K  linK's  its  solai  w  ind 
value  or  60  nT.  The  latter  value  was  taken  as  typical  of  the 
earth's  held  near  the  subsolar  magnetopause  Although  the 
best  agreement  was  found  with  theoretical  merging  rates,  a 
high  correlation  was  found  with  Akasofu's  |  I97X|  r  param¬ 
eter.  Figure  8-19  show  s  that  in  the  AE  measurements 
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Kigurc  H- 19  Cni<\  piiljr  cap  pmcnful  as  a  fuiKti»n  €>f  solar  »!ml  param¬ 
eter  K  (Hcppncr.  1977| 

variotl  from  30  to  150  kV.  This  implies  ihat  30  kV'  cannot 
he  accounted  for  by  tiKreinj:.  Such  a  potential  greatly  ex¬ 
ceeds  the  potential  across  the  boundary  layer  theoretically 
estimated  by  Hill  [  10701  and  measured  at  ionospheric  al¬ 
titudes  by  Smiddy  et  al  (I0S0|.  The  upp-'r  limit  of  -150 
kV  is  much  less  than  the  cross  magnetosphere  potential 
drop  (AH',.)  in  the  solar  v. ind.  With  V,  =  -fOO  km/s 
and  B/  =  -  5n'r.  the  Y  component  ol  the  electric  held 
in  the  v>lar  wind  is  2  m\  m  (  12. K  kV'R,  >,  For  a  mag- 

nctos|)heric  diameter  of  ,VI  R,  at  the  dawn-dusk  meridian. 
A'l',.  -  .3X4 kV. 


8.5.2  Polar  Cap  Precipitation 

Particle  fluxes  into  the  polar  lonospherx’  are  conveniently 
divided  into  high  and  low  energy  components,  fcnergetic 
particles  from  vilar  flares  can  seriously  disrupt  the  polar 
lonosphea';  these  are  important  during  magnetic  storm  pe- 
nixls  The  flux  levels  of  low  x-nergy  protons  in  the  polar 
cap  are  below  the  sensitivity  levels  ol  existing  iklectors 
Winmngham  anti  lleikkila  |  !‘>74|  ideoiitied  three  classes  of 
low  energy  electron  precipilalion  polar  rain,  polar  showers, 
and  pol.ir  squalls 

Polar  rain  is  a  relatively  unifonn  type  of  precipitation 
that  can  fill  the  entire  polar  cap  Particles  have  mean  thermal 
erKTgicsof  •  ItMleN  and  are  isotropically  distributed  outside 
the  aliiHisplieric  loss  cone  The  energy  fluxes  carri  d  by 
these  particles  are  in  the  10  '  to  10  ‘  ergs  cm  ’  s  '  range, 
two  to  three  orders  of  magnitude  less  than  typical  auroral 
fluxes.  The  highest  energy  fluxes  for  polar  rain  iK'cur  during 
periixls  of  geomagnetic, activity  |.Meng  and  Kovl.  19771. 
Figure  X-20  is  a  plot  of  precipitating  electron  spectra  mea¬ 
sured  in  the  daysidc  cusp  end  in  the  polar  rain  The  similarity 
in  spectral  shape  suggests  that  (volar  ain  particles  are  of 
direct  magnetosheath  origin  Particle  fluxes  measured  in  the 


Figuiv  K-21)  Typical  diftcrcnlial  spectra  for  the  polar  ram  and  cleft  pre- 
cipiiatnm  ot>*ervc*d  on  orbil  1176  on  15  May  1969  |Win- 
ninyhamandHcilkkila.  I974|. 

lobes  of  the  magnctotail  indicate  that  polar  rain  electrons 
enter  the  magnetosphem  at  great  distance  downstream  from 
the  earth.  The  efficiency  ol  the  entry  privess  is  miHluiaied 
hy  the  nxviarity  of  the  IMF.  Yaeger  and  Frank  |!976|  found 
that  fluxes  of  soft  el'X’rons  in  the  northern  lobe  of  the  tail 
increased  by  more  than  an  order  of  magnitude  when  the 
I.MF  was  in  an  away  iB^.  <  0)  sector.  There  is  alsi> evidence 
suggesting  a  B>  influence  Meng  et  al.  |I977|  found  that 
the  intensity  ol  polar  rain  fluxes  is  stnmgest  nea'  the  flank 
of  the  polar  cap  along  which  convection  is  strongest 

Polai  sixtwers  are  characteri/ed  by  livally  enhanced  fluxes 
of  precipitating  electrons  with  mean  energies  of  - 1  kcV. 
Ihese  electron  structures  are  embedded  in  broader  regions 
of  polar  rain  They  are  thought  to  be  responsible  for  sun- 
aligned  arcs  in  the  polar  cap  and  are  discussed  further  in 
Section  X  5.3. 

Polar  squalls  are  described  by  Winningham  ind  lleikkila 
|I974|  as  l<vali/ed.  intense  fluxes  of  electrons  that  have 
undergone  tield-aligned  accelerations  of  several  kV.  They 
are  found  :n  the  polar  cap  during  geomagnetic  storms  Foster 
and  Burrows  |197b;  I977|  have  reported  observing  fluxes 
of  electrons  into  the  polar  cap  that  are  spectrally  identical 
to  those  found  in  polar  squalls.  However,  these  fluxes  were 
observed  !:>  be  widely  and  uniformly  distributed  over  the 
polar  Cap.  Like  squall  particles,  they  were  observed  during 
the  recovery  phases  of  magnetic  storms.  These  fluxes  also 
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appear  to  he  modulated  by  the  polarity  of  the  IMF.  While 
inteniie  fluxes  of  keV  electrons  were  measured  in  the  north¬ 
ern  polar  cap.  only  polar  rain  was  detected  in  the  southern 
hemisphere.  Figure  8-2 1  is  a  plot  of  particle  fluxes  measured 


Figua*  KOI  ()iffca*ntut  ckatam  cncrj:>  spcitni  mcusua^ii  tn  the  p«»l4r 
cap  ('oMhI  curvoi  jnd  tn  the  (ail  kihe  am) 

(Ua^hc1ivur^c^l  The  fnaeneu>vhcj(h  nK'a>ua*n)eni  matie 
at  hMHi  V  Maiih.  tiie  uii  1(4^.’  at  1)  Mareh. 

the  p»»lar  cap  at  |h  htmrv  i*n  lo  Maah.  am)  the  p»»lar  ram 
at  M  h>  V  March  The*  px»l4r  cap  spectra  Ui'>play  a  nhare 
«»  K»  prt>mmiK'eO  Htch  vix'rec  ta«l  relative  to  the  ma^m: 
(t»Nhca(h  |H»>tcr  am)  Humms.  m7fij 

in  the  polar  rain  and  extended  s<tualN  hy  ISIS  2  and  nearly 
simultaneous  measurements  »>!’  electnm  fluxes  in  the  mag¬ 
netosheath  and  the  tail  lohe  from  VKLA  5.  Foster  and  Bur¬ 
rows  1 1977]  argue  from  the  near  isotropy  of  the  keV  particles 
in  the  polar  cap  and  the  simuliaticous  ahsence  of  keV  elec¬ 
trons  in  the  magrurtosheath  that  the  electrons  were  accel¬ 
erated  along  magnetic  field  lines  at  great  distance  from  the 
earth  in  the  magnetosphere. 

8.5.3  Polar  Cap  .4rcs 

Investigations  of  discrete  ares  in  the  polar  cap  have 
shown  that  polar  cap  arcs  tend  to  be  sunraligncd  and  arc 
most  frequently  observed  during  peritxls  of  magnetic  qui 
eting  when  the  IMF  has  a  northward  component  | Ismail  et 
al..  1977|.  Visible  arcs  are  caused  by  precipitating  electrons 
with  energies  of  =s2  keV.  Another  class  of  subvisual  arcs 


are  produced  at  F-layer  altitudes  by  electrons  with  cneigies 
of  a  few  hundred  eV  (Weber  and  Buchau,  I977|.  Here  we 
illustrate  many  of  the  known  characteristics  of  polar  cap 
arcs  using  data  from  the  USAF  satellites  S3-2  and  DMSP 
(Defense  Meteorological  Satellite  Program).  At  the  times 
of  interest,  both  satellites  were  in  orbits  close  to  the  dawn- 
dusk  meridian.  S3-2  measured  Ex,  ABy  (described  in  Sec¬ 
tion  8.S.I).  and  fluxes  of  electrons  with  energies  between 
50  eV  and  17  keV.  DMSP  satellites  are  three-axis  stabilized 
and  are  in  circular,  sun-synchronous  orbit  at  an  altitude  of 
840  km.  All  DMSP  satellites  are  equipped  with  scanning, 
optical  imagers  (Eather,  I979|.  Some,  but  not  all.  are  also 
equipped  with  spectrometers  that  look  toward  local  zenith 
and  nteasure  fluxes  of  electrons  with  energie.>  between  50 
cV  and  20  keV. 

Figure  8-22  is  a  cartiwn  that  represents,  in  magnetic 

DECEMBER  12.1977 


I'ljiurc  K- ’2  Canom  n.-rr<.-v;nlatn>n  >>)  w-uucnlial  DMSI'-high  latitiHic  im 
agen  I*  I  -  Ik'ieniN.t 

latitude  and  liK'al  time,  composites  of  visible  imagery  fn>m 
DMSP/Fl  and  DMSP/F2  taken  over  the  northern  hemi¬ 
sphere  during  a  period  of  magnetic  quieting  on  1 2  IX'ccmber 
1977.  Straight  vtlid  lines  give  the  portions  of  F2  trajectories 
during  which  electron  data  werc  taken  To  the  right  of  each 
cartoon,  the  lu'iirly  average  values  r'  IMF  B,  and  B/  are 
represented.  During  the  initial  period  of  siiulhward  B/.  the 
polar  cap  was  clear  of  visible  emissions  and  only  unifonr.. 
polar  rain  fluxes  were  detected.  Approximately  one  hour 
after  the  IMF  turned  northwerd  sun-aligned  aivs  were  found 
in  the  polar  cap.  Polar  cap  arcs  persisted  until  the  IMF  again 
turned  southward.  An  hour  after  a  second  northward  turning 
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of  B/.  arcs  returned  to  the  polar  cap  (Hardy  et  al.,  1981 1. 
The  sun-aligned  arcs  were  embedded  in  a  region  of  high 
density  (—0. 1  cm  ')  polar  rain.  Within  the  arc  the  up-lot)k- 
ing  DMSP  spectrometer  detected  three  spectral  components, 
a  cold  ( lOO  eV)  high  density  ( 1 .5  cm  ')  population,  a  peaked 
primary  distribution  with  a  temperature  of  ^50  eV  that  had 
been  accelerated  through  a  potential  drop  of  —750  volts  and 
a  secondary  and/or  degraded  primary  population.  Burch  et 
al.  11979)  found  that  over  polar  showers  the  low-energy 
component  was  highly  field-aligned.  The  secondary  and 
accelerated  primary  populations  were  nearly  isotropic  in 
pitch  angle. 

Figure  8-2.\  gives  a  plot  of  Ex.  ABy.  the  directional  flux 
of  electrons  (enr  s  sr)  '  and  electron  pitch  angles  measured 
during  S.^-2  Rev  52.^1  as  functions  of  invariant  latitude, 
magnetic  UkuI  time,  and  altitude.  The  pass  tKcuned  while 
the  satellite  was  near  apogee  over  the  north  pidar  cap  where 


it  passed  within  1°  of  the  magnetic  pole  along  the  dawn- 
dusk  meridian.  The  IMF  X,  Y,  and  Z  components  were 
-  3.7.  3.8  and  7.4  nT.  respectively.  As  compared  with  the 
idealized  measurements  of  Figure  8- 1 4b.  Ex  and  ABy  were 
highly  irregular.  Recall  that  in  the  northern  hemisphere  Ex 
positive  corresponds  to  sunward  convection;  jn  is  out  of  the 
ionosphere  in  regions  whe.'c  ABy  has  a  negative  slope  I 
regions  of  negative  slope  in  ABy  accompanied  by  enhanced 
electron  fluxes  are  noted  in  Figure  8-23.  As  evidenced  by 
their  being  embedded  in  polar  rain.  Events  3  through  7  lie 
in  the  polar  cap. 

Event  6  has  been  analyzed  in  detail  by  Burke  et  al. 
1 1982).  It  was  .shown  that  the  FAC  out  of  the  ionosphere 
had  an  intensity  of  2.8  p.  A/m’  that  was  carried  by  electrons 
with  a  temperature  of  200  eV'  and  had  been  accelerated 
through  a  potential  drttp  of  —  I  kV.  A  nearly  isotropic  pitch 
angle  distribution  of  electrons  across  event  6  suggests  a  field- 
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H^’urc  X-23  The  tep  p;inel  fhe  dawn  it»  ^lu^k  clctlnc  field  cimipuncm  and  the  transverse  mai’netit  held  defleetton  (heavy  line  I.  The  hiXtom  panels  ^i\e 
the  direct mna!  elcetnm  fUi\  and  pitch  anelcs.  Data  ’Acre  laker  over  winter  polar  cap  with  IMk  B/  northward 
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roral  physicist  is  replete  with  te'ms  such  as  "inverted-Vs”, 
“double-layers”,  “diffuse  aurora",  and  “beams  and  conics” 
(Mozer  et  al.,  1980).  These  terms  describe  distinct  auroral 
processes  first  reported  in  the  1970s.  These  nev/  phenomena 
defy  adequate  sunimation  in  this  section.  Here  we  consider 
three  main  topics;  (1)  global  auroral  morphology,  (2)  phe¬ 
nomena  associated  with  inverted-V  events,  and  (3)  sub- 
stoims.  Under  the  heading  of  global  morphology  we  treat  the 
systematics  of  large-scale,  field-aligned  current  systems  and 
the  equatorward  boundary  of  diffuse  auroral  precipitation. 
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8.6.1  Global  Field  Aligned  Currents 

TV  average  global  field-aligned  current  (FAC)  system 
for  periods  of  high  and  low  magnetic  activity  are  shown  in 
Figure  8-14.  lijima  and  Potemra  1 1978)  define  Region  I  (2) 
as  a  region  of  FAC  near  the  poleward  (equatorward)  portion 
of  the  aurora)  oval.  In  the  evening  sector  current  flows  into 
the  ionosphere  in  Region  2  and  out  in  Region  I.  The  polar¬ 
ity  of  current  flow  is  reversed  in  the  morning  sector.  The  in¬ 
tensities  of  these  currents  are  of  the  order  I  ^A/m'.  Cur- 
ictNs  out  of  the  ionosphere  are  m^rstly  carried  by  precipitating 
electrons.  It  is  believed  that  cold  electrons  moving  from  the 
ionosphere  to  the  magnetosphere  carry  the  current  into  the 
iottosphere.  Klumpar  |I979|  found  that  the  equatorward 
boundary  of  Region  2  is  coterminus  with  diffuse  auroral 
electron  precipitation  in  the  post-midnight  sector.  In  the 
evening  sector.  Region  2  extends  '2°  rqnat'vrward  of  the 
electron  precipitation  Nrundary. 

Near  IcKal  midnight  and  newn  large-scale  FACs  are  the 
most  complex.  Figure  8-25  shows  that  near  midnight  the 


Figure  X-24  Medirrd  Owi  dimemwiul  pnigectKin  <if  eteenk  fleiifc  and 
o)»Trr«>  '.i>  virtn,.)  "f  Evr«  ♦>  in  Figwr  •  2.* 


aligned  potential  dn>p  extending  for  large  distances  along 
B.  Ihe  measured  electron  energy  fluxes  of  2.5  i  0.5  ergs 
cm  ’  s  '  sr  '  were  sufficieni  to  produce  a  visible  arc.  Figure 
8-24  gives  an  idealized,  two-dimensional  projection  of  the 
electric  fields  and  currents  asstxriated  with  Event  6  As  pre¬ 
dicted  hv  Lvihis  ( IV80;198I  |.  the  arc  is  in  a  region  of  neg¬ 
ative  electric  Tielddivergence.  Similar,  recently  reported  meas¬ 
urements  from  I..'  Oynamics  Explorer  satellites  suggest  that 
such  polar  cap  arcs  may  result  fnmi  a  bifurcation  of  the 
distant  plasma  sheet  That  is.  some  polar  cap  arcs  ate  on 
closed  magnetic  field  lines  {Frank  et  al  .  I9K2|. 

8.6  AURORAL  OVAL 
ELECTRODYNAMICS 


Fijeuir  R'35  A  >ymmank  itf  ihc  diMnbuliivi  and  Jmxtiivis  *4  iar|!r  Hjdc 
ffcki-sUignctd  ctincm4.  determined  fn«ri  ui  dafjo^tairk'd  trt>m 
td  Tfi^  c<*rHfth<inN  and 

(ht  data  trtim  Tnad  pasM*\diinng  avtivc  p^rMid^ 

(lt)llnaafldl^4efma. 


The  auroral  oval  is  a  region  of  closed  magnetic  field  lines 
mapping  through  the  plasma  sheet.  Ionospheric  plasma  con¬ 
vection  should  be  mostly  in  the  sunward  direction.  Near  lo- 
^al  midnight  (nmm)  strong  equatorward  (poleward!  convec¬ 
tion  components  are  expected. 

The  stock-in-trade  vcKahulary  of  a  contemporary  au- 


moming  side  Region  I  current  overlaps  the  evening  side 
Region  I .  No  siniultanctms  eicctnc  field  and  ntagnetu  field 
mcasurcnients  have  yet  been  reported  fritm  this  region 
However,  it  is  expected  that  the  morphology  of  these  FACs , 
can  he  undersUHid  in  terms  of  laiiiii!‘.,i;0  %  i-  -'s  of  thi- 
electric  field  just  pri'  .  .  ..k  .  ;  19741 
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shdwcd  that  in  ihc  late  evening  sector  the  targe  scale  con¬ 
vective  electric  field  is  directed  poleward  in  the  e(|uatorward 
part  of  the  oval.  It  rotates  th’ough  west  across  the  Marang 
discontinuity  to  equatorwuid  in  the  ptdeward  part  of  the 
oval.  Pedersen  currents  driven  in  the  ionosphere  converge 
front  both  sides  on  the  Harang  discontinuity.  To  maintain 
an  overall  divergence-free  current  system,  current  must  flow 
into  the  i('nii'phea'  a*  both  the  cquatorward  and  poleward 
boundaries  of  the  oval  and  out  of  the  ionosphea*  near  the 
Harang  discontinuity.  These  are  the  essential  features  found 
near  midnight  in  Figure  H-2.^. 

In  the  vicii.ity  of  the  day  side  cusp  an  extra  FAC  system 
ha''  been  observed  poleward  of  the  Regirrn  I .  Its  polarity  is' 
opposite  to  that  of  the  nearby  Region  I  current.  In  the 
ni>rthem  (southern I  hemisphere  it  appears  only  on  the  after¬ 
noon  (morning I  side  of  mK>n  when  IMF  B.,  <  0.  and  only 
(HI,  the  morning  (afternoon)  side  when  IMF  >0 
|.M>.Piaimid  et  al..  1^79).  Simultaneous  electric  and  mag¬ 
netic  field  measurements  from  the  I'SAF  satelli’e  S.^-2  in 
the  rcgicrn  of  the  dassid  ■  eusp  suggest  that  the  extra  FAC 
system  lies  entirely  (hi  open,  newly  merged  niagiH*tic  (ield 
lines  that  are  being  dragged  toward  ths-  dusk  or  dawn  flank 
of  the  polar  cap  |l)oyle  et  al. .  IdXI  |, 


field  model  of  Fairfield  and  Mead  1 19751  the  auroral  bound¬ 
aries  were  projected  to  the  inagnetospherie  equatorial  plane. 
Figure  8-26  is  a  plot  of  projected  boundary  positions  (open 
circles)  in  comparison  with  predictions  of  the  Volland-Stem 
electric  field  model  |Fjiri  et  al.,  19781  (solid  line)  and  the 
injection  boundary  of  Mauk  and  Mellwain  119741  (dashed 
lines).  Best  (its  are  obtained  for  a  shaping  factor  7  =  2. 
Note  that  the  stagnation  points  are  offset  from  the  dusk 
meridian.  The  offset  angle  <1)„  varies  from  2.^°  toward  eve¬ 
ning  for  Kp  =0  to  45’  toward  afternoon  for  Kp  =  5.  The 
potential  distribution  in  the  equatorial  plane  (Fquatkm  (8.24) 
of  the  previous  chapter)  takes  the  form 

'F(L.  (|»  =  11  B  .R,  -  |^^j^sin(d)-<l)„)  -  ^-j. 


For  7  =  2  the  tenn  1/  7  (l-s'*'  ')is  empirically  related  to 

Kp 


-;77  =  (1.6  +  2.4  Kp)  •  10  ^ 


with  a  correlation  e(x;flicient  of  0.97.  Thus. 


8.6.2  Equatorward  Boundary  of  the  Oval 

( 

In  the  previous  section  it  was  pointed  out  that  the  inner 
edge  of  the  plasma  sheet,  or  /ero-energy  Alfs'en  Ntundary. 
maps  to  the  cquatorward  boundary  oi'  diffuse  auroral  precip¬ 
itation  M<hv  than  f(Hir  thousand  crossings  of  this  boundary 
have  been  analyzed  using  data  fp>m  an  upward-IrMiking 
electron  speetomK'ter  on  the  polar  orbiting  I'SAF  satellites  * 
DMSF  F2  and  DMSP  F4  |f iusH-nhoven  et  al  .  I9HI|  The 
corrected  geimiagnetie  latitudes  of  the  Niundaries  1  \,  i.m* 
were  siudied  as  functions  of  m.ignetie  lov-il  time  (.Ml.  1)  ainl  ' 
Kp.  kp  IS  a  ihree-hour  index  of  niagneiie  aetixity  compiled  ^ 

frori  a  world  wide  network  o(  midlatilude  magnetometer  ^ 

siations  Results  ol  linear  ciH'elation  analyses 

V 

\<  ..M  =  \  ^  «  Kp 

fn>m  available  Ml  I  sectors  along  with  eorrelalion  eiK'tfi-  • 
cients  are  eiven  in  l.ibles  S-2  and  8-,t.  I  smg  the  magnelie 


'F  (L.  6)  =  «B„R,  ■’ 

f  (I  6  -r  2.4  Kp)  It)  M,\in((t) 


ij 


A  further  analysis  Itlirdy  et  al  .  1982!  has  been  per- 
fornx-d  onrelating  the  boundary  data  and  hourly  averaged 
solar  wind  and  I.MF  nx-asureiiKnis  The  most  signitieani 
msults  were  obiained  when  \,  i.m  was  correlated  with  the 
inierpl.ineiary  eleeiri..  field  N  B^  for  the  hour  pieceeding  the 
boundary  measurement  subjeet  to  the  condition  B,.  *  I  n'l . 
C’orelation  parameters  are  summari/ed  in  Table  8-4.  To 
compare  the  resiilis  of  the  two  studies  a  correlation  aiialy  sis 
was  performed  between  Kp  and  \  B/ 
itli  B,  •  I  n  I 

Kp  2  li'>  0  91  \  B.  (8  fOi 
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Table  8-.V  RegrcMHHi  mel'Kcients  for  auniral  boundaries  in  (he  evening  sector. 


North 

South 

MLT 

A.. 

a 

N 

cc 

A. 

a 

N 

CC 

1600-1700 

71.3 

-1.19 

107 

-0.65 

1700-1800 

70.7 

-1.20 

.  256 

-0.69 

1800-1900 

71.6 

-2.00 

103 

-0.90 

70.6 

-1.60 

327 

-0.80 

1900-2000 

71.2 

- 1.% 

426 

-0.89 

70.0 

-  1.82 

447 

-0.87 

2000-2100 

69.4 

-  1.85 

452 

-0.82 

69.5 

-1.89 

345 

-0.84 

2100-2200 

68.7 

-1.66 

556 

-0.83 

2200-2300 

68.3 

-1.79 

184 

-0.63 

with  VB,  in  mV/m.  This  allows  us  to  express  the  magne- 
tospheric  potential  as  a  function  of  VB/. 

M'iL.  <i>)  =  HB.JIk* 

(6.6  ^  2.2  VB/)  10  V’sin/rh  -  <|)..)  -  ij.  (8.41) 

To  test  the  validity  of  this  equation  it  is  possible  to  calculate 
tlie  cross-magnetospheric  potential  drop  (A'l'™)  and  com¬ 


pare  it  with  mca.surcd  enm  polar  cap  potential  drops  (Aib^). 

To  estimate  A'i'm  we  use  the  position  and  shape  of  the 
magnetopause  in  the  equatorial  plane  given  by  Mcllwain 
i  1972).  In  this  representation  the  magnetopause  lies  at  a  dis¬ 
tance  of  1 1  R|  near  the  subsolar  point  and  flares  to  a  distance 
of  I5R|:  at  the  dawn-dusk  meridian.  We  ignore  stormtime 
compirs.sioas  of  the  magnetosphere  in  the  calculatioas.  Two 
methods  of  calculating  A'l',„  arc  used.  The  first  method  sets 
6.,  =  ,0  in  Equation  (8.40)  making  the  axis  of  symmetry  the 


Figure  8*26. 


VoHand-Stem  inioction  NnimJarics  for  y  -  1  ami  y  ~  3.  rtitalcd  to  tit  the  inner  edge  of  the  plasma  sheet  as  determined  by  the  DMSP  I  2  au 
rordi  boundanes,  for  various  Kp.  The  Mauk-Mellwain  ( 1974)  injection  boundary  is  also  shown  (dashed  linei. 
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Tabic  8  t.  The  intercepts  (A„),  slopes,  correlation  coefficients  (cc)  and  sample  sizes  (N)  for  the  linear  regression  of  the  boundary  location  with  VBz  in 
each  magnetic  local  time  zone,  with  a  I  h  delay  in  the  value  of  the  interplanetary  magnetic  field  (IMF)  used. 


dawn-dusk  meridian.  The  second  method  uses  empirical 
values  of  <b,.  given  in  Figure  8-26.  For  Kp  =  0  the  axis  is 
tilted  with  the  dusk  stagnation  point  2.V  to  the  nightw-aid  side 
of  the  dawn-dusV  meridian.  For  higher  values  of  Kp  the 
stagnation  point  rotates  sunward  reaching  a  constant  value 
of  -  4S‘'  for  Kp  >  2.  In  Figure  8-27  we  have  sketched  the 


Figure  8-’’  Fuuaional  magnetopause  v  ith  disiames  along  ases  of  sym 
mcfn  titr  n  irnniv  vjIucn  oi  Kp 

axes  of  symmetry  indicating  approximate  distances  to  the 
dawn  and  d  .isk  sides  of  the  magnetopause  for  Kp  =  0.  1 . 2 
and  >2 

In  Figure  8-28  is  plotted  as  a  function  of  Kp.  VB/ 
and  B/.  VB,  is  positive  when  the  interplanetary  electric 
field  (IFIF)  is  directed  from  dawn  to  dusk  (positive  Y  in 
st^ndani  geixcnfric,  solar-magnetospheric  coordinates). 
Values  of  B/  are  derived  from  VB/  using  a  solar  wind  speed 


of  400  km/s.  The  solid  line  calculations  assume  d,  =  0, 
that  is,  the  dawn-dusk  meridian  is  the  axis  of  symmetry. 
For  this  ca.se.  A'l'n  increases  linearly  from  6.5  kV  for  Kp  =  0 
to  65  kV  for  Kp  =  6.  The  dot-dash  line  indicates  values 
of  AVm  using  empirical  values  of  d».>  and  axes  of  symmetry 
indicated  in  Figure  8-27.  In  these  calculations  A'I'm  ranges 
from  5.5  kV  for  Kp  =  0  to  95  kV  for  Kp  =  6.  We  note 
that  in  these  calculations  there  is  an  abrupt  transition  in  the 
trend  of  A'Fm  near  Kp  =  2.  This  is  close  to  our  indepen¬ 
dently  derived  "breakpoint”  in  B/_. 

For  reference,  in  Figure  8-28  we  have  also  plotted  av¬ 
erage  values  of  (dashed  line)  as  a  function  of  Kp  based 
on  two  weeks  of  OGO  6  electric  field  measurements.  Heppner 
11977)  found  that  A'Fpi  increased  linearly  from  20  kV  for 


Figure  8-28  Piilar  cap  piilentia!,  from  Heppner  j  1977)  (dashed  line),  and 
from  Equation  (8, 12)  with  6..  =  0  (solid  line)  and  <{>.,  with 
empirical  values  ((lot-dash  line). 
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Kp  =  0  to  100  kV  at  Kp  =  6.  At  low  values  of  Kp  the 
DMSP  values  of  AH'm  arc  not  sensitive  to  the  value  of  <h„ 
and  arc  considerably  less  than  Heppner's  With  values 
of  <J>o  =  -45“  for  Kp  >  2  and  A'Ppc  are  of  com¬ 
parable  magnitudes.  In  a  time-average  sense  A'Ppc  and 
are  coupled  through  the  process  of  magnetic  reconnection 
in  the  magnetotail.  The  two  quantities  must  be  roughly  the 
same  since  on  average,  the  amount  of  magnetic  flux  trans¬ 
ferred  to  the  nightside  magnetosphere  must  equal  the  amount 
being  returned  to  tlie  day  side  magnetosphere. 

We  emphasize  that  these  are  "average"  results  in  the 
sense  that  they  represent  lea.st  square  fits  to  the  data.  He(^)ner 
11977)  pointed  out  the  A'Ppt  frequently  exceeds  100  kV 
during  period  of  high  Kp.  Similarly,  in  both  DMSP  bound¬ 
aries  for  cases  of  large  negative  By.  and  high  Kp  respectively, 
the  latitude  of  the  boundary  is  often  much  lower  than  the 
average.  Since  such  cases  correspond  to  the  Alfvdn  bound¬ 
ary  being  closer  than  average  to  the  earth,  they  also  cor¬ 
respond  to  potentials  exceeding  100  kV. 

8.6.3  Inverted'V  Phenomenology 

Diffuse  auroral  electron  precipitation  is  fairly  uniform  and 
isobopically  distributed.  In  the  poleward  portion  of  the  oval, 
electron  fluxes  are  more  spatially  structured  and  are  often  field 
aligned.  Discrete  optical  arcs  are  the  most  striking  manifes¬ 
tation  of  the  stnicturing  process.  The  dominant  sbuctural 
features  of  electron  fluxes  observed  with  polar  orbiting  sat¬ 
ellites  are  the  so-called  inverted-V  structures.  These  struc¬ 
tures  are  latitudinallv  narrow  (~  1“)  bands  of  electron  pre¬ 
cipitation  that  increase  in  average  energy  from  a  few  hundred 
eV  to  several  keV,  then  return  to  ?  few  hundred  eV  {Frank 
and  Ackerson,  1971).  On  energy-time  spectragrams  they  have 
the  shapes  of  inverted-\'s.  Although  individual  inverted-V 
structures  have  been  identified  with  groumUibserved  dis¬ 
crete  arcs  (Ackerson  and  Frank.  1972],  the  general  relation¬ 
ship  between  the  two  phenomena  is  not  clear.  Inverted-Vs 
have  latitudinal  dimensions  of  several  hundn-d  km.  whereas 
optical  arcs  have  typical  widths  of  I  to  10  km  (Maggs  and 
Davis.  19MI1 

Lin  and  Hoffman  |  I979j  have  studied  the  global  distri¬ 
bution  of  inverted- V  structures  and  the  pitch  angle  distri¬ 
bution  of  electrons  within  them.  Figure  8-29  is  an  event 
iK'currciK,'e  map  of  28t)  inverted-V  structures  observed  w  ith 
the  AE-D  satellite.  This  map  sIkiws  that  inverted-Vs  arc 
ftxind  thnnighout  the  high-latitude  region.  They  appear  pre¬ 
dominantly  in  the  late  evening  sector  and  arc  absent  from 
,  the  late  pre-noon  MLT  sector. 

The  pitch  angle  distribution  of  electrons  measured  over 
an  inverted-V  event  is  given  in  Figure  8-.K).  This  spectro¬ 
gram  gives  the  ratio  of  field-aligned  flux  at  a  given  energy 
to  the  flux  at  pitch  angles  of  60°.  The  heavy  black  line  gives 
the  energy  at  which  the  maximum  differential  flux  was  meas¬ 
ured.  Note  that  the  energy  of  the  peak  flux  rises  to  keV 
at  1008:05  UT.  then  decreases  to  ~0.5  keV  20  seconds 


AED 

‘‘•iVERTEO  V  "  EVENT  OCCURRENCE  MAP 


LOCAL  TIME 

Figure  K-29  Spatial  iKCuencc  map  nf  IKO  invertcJ  V  'vcMs  laical  lime 
and  envies  of  v.msunl  invanani  laiwude  tre  shown  as  refer- 
cnee  ll.in  and  Hoffman.  IV7V| 

later.  At  the  energy  of  the  peak  flux  the  clectnsns  are  field 
aligned  w  hereas  those  with  higher  energies  are  isotropic  over 
the  dtywnccmiing  hemisphere.  This  distribution  is  consistent 
with  the  eicctnms  having  been  accelerated  (hmugh  t  field- 
aligned  potential  drop  at  an  altitude  above  the  point  of  ob¬ 
servation  (Evans.  I974[  Electrons  with  energies  less  than 
that  of  the  peak  show  highly  complex  pitch  angle  distri¬ 
butions.  Some  of  these  electrons  are  secondaries  and  de¬ 
graded  primaries  trapped  between  a 
and  an  electrostatic  potential  barrier  Sonx'  of  tlie  low-en¬ 
ergy  electrons  are  highly  field-aligned  suggesting  that  thev 
are  accelerated  clecinins  of  ionospheric  ongin  If  so.  the 
complexity  of  their  disinbution  suggests  that  the  field-aligned 
pi8cntial  drop  is  varying  temporally  and/or  spatially. 

One  of  the  most  exciting  developnH'nts  of  the  1970s  w  as 
the  development  of  direct  e\  idence  for  the  existence  of  field- 
aligned  potential  drops  from  measurements  by  instrumch- 
tation  on  the  satellite.  The  observational  vCork  of  the 
Lnivcrsiiy  of  Calitomia.  BerVeley  gnnip  i*  summarized  by 
Mozer  el  ul.  |  |UK(:| 

The  highly  cxcenlric  orbit  of  carried  it  to  altitudes 
of  -  8(XK)  km  above  the  auroral  ionosphere.  This  is  a  hitherto 
unexplored  region  At  these  altitudes  very'  intense  electric 
field  structures  were  ob.erved.  An  example  given  in  Figure 
8-31  shows  electric  fields  at  8000  km  a'achiiig  400  mV/m 
and  undergoing  rapid  reversals.  If  mapped,  assuming 
E  •  B  =  0.  (o  aurora!  arc  altitudes  the  electric  field  in¬ 
tensities  would  be  of  the  order  o.  KXK)  mV/m  and  the  lat¬ 
itudinal  width  of  the  structure  would  be  <10  km.  This  is  a 
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AE-D  75309 


FLUX  RATIO  SPECTROGRAM 


FLUX  RATIO 


1008:00 


1008:30 


UNIVERSAL  TIME 


Figure  H-30,  Spccia>grani  displaying  the  directional  ditfcrential  rtiix  ratitK  <  -  T)  and  <60”)  over  an  inverted-V  event.  The  flux  ratios  are  .separated  into  four 
categories  as  shoNsn  in  the  upper  right  comer  (Lin  and  Hoffman.  I979j. 


typical  width  of  a  discrete  optical  arc.  However,  the  electric 
field  intensity  greatly  exceeds  that  measured  in  the  lower 
ionosphere.  For  this  reas<in  it  is  argued  that  there  must  be 
a  potential  drop  along  magnetic  field  lines  that  accelerate 
plasma  sheet  electrons  to  form  arcs, 

These  electric  field  structures  have  been  observed  at  all 
altitudes  down  to  KKK)  km.  They  are  mostly  found  above 
4(XX)  km.  Comparisons  of  S.1-.^  electric  field  measurements 
with  simultaneous  measurements  from  other  instruments  on 
the  spacecraft  show  that  the  electric  lieid  structures  are 


wave  turbulence  that  are  coll(x:ated  with  inverted-V  precip¬ 
itation  structures.  Within  the  electric  field  reversals  we  find 
fluxes  of  field-aligned  electrons  going  into,  and  H  *  and  O  * 
ions  going  out  of  the  ionosphere.  The  upgoing  ions  are 
decided  according  to  pitch  angle  distributions  into  "beams” 
and  "conics.”  Ion  beams  are  highly  directed  along  magnetic 
field  lines.  They  have  only  been  observed  at  altitudes  greater 
than  4(XX)  km  and  in  the  region  of  discrete  rather  than  diffuse 
aurora.  They  are  thought  to  be  accelerated  upward  by  the 
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same  parallel  electric  fields  that  accelerate  plasma  sheet 
electrons  downward  tt)  form  discrete  auroral  arcs.  Ion  conics 
have  pitch  angle  distributions  that  peak  ai  some  inleimediaie 
angles  between  90°  and  0°.  They  have  been  detected  at  all 
latitudes  in  the  auroral  oval  and  at  all  altitudes  greater  than 
KXK)  km.  They  are  thought  to  be  accelerated  through  res¬ 
onant  interactions  with  upper  hybrid  and  ion  cyclotnm  waves 
IGomey  et  al..  1981 1. 

8.6.4  Substorms 

No  overview  of  high-latitude  electrodynamics  would  be 
complete  without  some  comment,  ho  matter  how  cursory, 
on  substorms.  It  is  during  suhstorms  that  the  dynamic  cou¬ 
pling  between  the  magnetosphere  and  ionosphere  is  most 
.striking.  Despite  intensive  studies  of  substt)mv  pitK'esses 
over  the  last  fifteen  years,  the  richness  of  the  observations 
has  made  total  agreement  on  what  constitutes  the  essential 
elements  of  a  substorm  elusive. 

The  evolution  of  discrete  auroral  arcs  in  the  late  evening 
sector  as  synopsized  from  all-sky  camera  data  by  Akasofu 
|I964|  is  given  in  Figure  8-32.  Under  pre-substorm  con¬ 
ditions,  homogeneous  arcs  extending  for  thousands  of  kil- 
orneters  in  the  east-west  direction  are  found  in  the  oval  and 
sun-aligned  arcs  are  found  in  the  polar  cap.  Substorm  onset 
is  announced  by  a  brightening  of  the  most  eqiiatorward  arc. 
The  discrete  arcs  expand  poleward  and  westward  traveling 
surges  develops  in  the  evening  sector.  After  expanding  to 
.some  maximum  latitude,  the  arcs  sloWly  retreat  toward  their 
pre-substorm  condition. 

To  resolve  differe’nces  between  various  schtwis  of  thought, 
nine  active  investigators  met  in  August  1978  to  specify 
substorm  signatures  and  unambiguously  define  words  com¬ 
monly  (often  diflerently)  used  to  describe  substorm  pro¬ 
cesses  IRostokcr  et  al..  I98()|.  Major  points  of  agreement 
were 

1 .  During  extended  periods  of  northward  IMF,  the  mag- 
■  netosphere  quiets  and  asymptotically  approaches  a 

ground  state, 

2.  As  the  IMF  turns  southward,  magnetospheric  con¬ 
vection  increases:  This  enhanced  convection  can  ex¬ 
ist  for  some  time  prior  to  suhstorm  onset. 

3.  Substorm  onset  is  signaled  by  an  explosive  increase 
in  luminosity  of  the  most  equatorward  arc.  an  in¬ 
tensification  of  the  auroral  clectrojet.  aiid  a  burst  of 
Pi2  micropulsation.  The  burst  of  micropulsations  tes¬ 
tifies  to  the  explosive  nature  of  the  onset  prwess  in 
the  magnetospheric  source  region. 

4.  The  expansion  phase  occurs  from  onset  to  the  time 
when  the  midnight  sector  arcs  have  undergone  their 
most  poleward  excursions.  Note  that  in  this  defini¬ 
tion,  multiple  intensifications  of  the  subslomi  pro¬ 
cess,  each  marked  by  a  micropulsation  burst,  are 
allowed. 


,  5.  The  recovery  phase  coincides  with  the  peritxl  in  which 
midnight  sector  arcs  retreat  cquati'rward. 

The  substomi  signatures  dealt  with  in  the  August  1978 
meeting  are  observable  from  ground-based  instrumentation. 
Except  for  the  micropulsation  bursts,  the  signatures  are  of 
ionospheric  effects  whose  causes  lie  in  the  magnetosphere. 
A  key  observation  for  understanding  how  substomis  may 
be  triggered  comes  from  numerous  satellites  al  geostationary 
altitude.  During  pre-substy.rm  peritxis  the  nightside  mag¬ 
netic  field  at  6.7  R,  lakes  on  a  lail-Iike  configuration.  Al 
substorm  onset  the  magnetic  field  rapidly  recovers  its  nor¬ 
mal.  nearly  dipolar  configuration.  Simultaneously  hot  plasma 
sheet  particles,  with  no  dispersion,  are  injected. 

To  explain  the  observations  the  following  scenario  has 
been  pieced  together. 

1 .  At  a  southward  turning  of  the  IMF,  magnetic  fiux 
is  transferred  from  the  day  to  the  night  side  of  the 
magnetosphere.  This  pixKcss  prweeds  for  about  half 
an  hour  in  which  potential  energy,  in  the  form  of 
stored  magnetic  flux,  builds  up  in  the  tail.  During 

,  this  period  the  neutral  sheet  current  moves  earthward 
to  ~I0  R,  leading  lo  a  tail  like  field  geometry  at 
6.7  Ri:.  Recall  that  discrete  aircs  map  to  the  boundary 
plasma  sheet  rather  than  the  central  plasma  sheet. 
Thus,  the  most  equatorward  arc  maps  to  a  region 
near  the  inner  edge  of  the  neutral  sheet  current. 

2.  Al  substomi  onset,  the  neutral  sheet  current  near  the 
inner  edge  of  the  boundary  plasma  sheet  is  diverted 
via  field-aligned  currents  through  the  ionosphere. 
This  leads  to  a  collapse  of  the  inner  portion  of  the 
tail.  In  the  ionosphere,  part  of  the  energy  released 
in  the  collapse  of  the  tail  appears  as  an  explosive 
brightening  of  the  most  equatorward  are.  As  the  in¬ 
ner-tail  field  lines  snap  back  to  dipolar,  plasma  sheet 
electrons  are  rapidly  accelerated  by  inductive  electric 
fields  and  arc  injected  to  the  vicinity  of  geostationary 
distance.  The  priKess  continues  while  B/.  remains 
southward. 

3.  When  the  IMF  turns  northward  the  rate  of  Hux  trans¬ 
fer  decreases  abruptly.  If  the  IMF  maintains  a  north¬ 
ward  conjponent  for  considerable  time,  the  potential 
energy  stored  in  the  tail  is  slowly  dissipated  and  the 
magnetosphere  relaxes  toward  a  "ground  state.' 

8.7  CONCLUSIONS 

This  ehapter  provides  an  introductory  summary  of  what 
is  know  n  about  the  electnxiynamics  of  the  magnetosphere  and 
the  high  latitude  ionosphere  prior  to  the  launch  of  the  Dy¬ 
namics  Explorer  satellites.  Our  know  ledge  is  an  amalgam  of 
theoretical  models  and  in  siiii  observations.  In  a  qualitative 
sense,  we  are  able  to  explain  the  gross  features  of  magneto- 
spheric  processes.  For  example,  a  set  of  MUD  equations  has 
been  used  successfully  to  calculate  the  equilibrium  shape  of 
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the  magnetopause  |Mcad  and  Beard.  I964|.  However,  the 
microphysics  »)(’  how  (if)  magnetic  merging  (K'curs  at  the 
magnetopause  and  how  particles  cross  the  magnetopause  to 
form  the  boundary  layer  are  not  yet  understixxl.  An  essen¬ 
tially  MHD  model  for  coupling  between  the  ionosphere  and 
magnetosphere  lAshour-Abdalla  and  rfnimc.  19781  has  been 
applied  to  successfully  simulate  substorm  effects  in  the  in¬ 
ner  plasma  sheet  and  low  latitude  portion  of  the  auroral  oval 
(Lyons  et  al..  1979;  Harel  et  al..  1981 1.  Thus,  adiabatic 
energization'  is  an  impi>rtant  and  well  understixxl  magneto- 
spheric  pnxx-ss.  Other  energiZatuxi  pttx’csses  asstx'iated  with 
reconnection  in  the  magnetiXail  are  not  understcxxl.  The  role 
•of  parallel  electric  fields  for  tlie  formation  of  aun)ral  arcs  was 
experimentally  established  in  the  1970s.  Competing  theo¬ 
retical  m«xlels  of  how  parallel  electric  fields  form  in  a  colli¬ 
sionless  plasma  fill  the  literature. 

With  the  gift  of  hindsight,  it  is  interesting  to  examine  the 


w\)rk  of  cartographers  from  the  mid-seventeenth  century.  The 
mixed  fruits  of  explorations  spanning  two  hundred  year  are 
evident.  Europe,  the  Middle  East.  Africa,  and  the  eastern 
shores  of  the  Americas  are  mapped  with  exquisite  detail. 
Shapes  assigned  to  the  American  west  coasts  and  to  the  na¬ 
tions  of  East  Asia  range  from  vague  to  fanciful.  Our  own 
position  twenty  years  into  the  age  of  satellite  exploration  is 
analogixjs  to  that  of  seventeenth-century  map-ntakers.  Some 
parts  of  the  magnetosphere-ionosphere  system  are  well  ex¬ 
plored.  Our  understanding  of  other  important  parts  is  based 
on  fragmentary  data  sarrlples  and  leaves  much  to  be  desired. 
Undoubtedly,  readers  a  few  decades  iKnce  will  find  many  of 
our  ideas  as  quaintly  amusing  as  the  seventeenth-century 
image  of  Japan.  To  those  who  view  cartography  or  space 
physics  as  quasi-static  processes,  this  is  a  scandalous  situa¬ 
tion.  To  those  involved  in  the  process,  it  crystalizes  the  ex¬ 
citement  of  exploration. 
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IONOSPHERIC  PHYSICS 

Section  9.1  F.J.  Rich 
Section  9.2  F.J.  Rich 
Section  9.3  Su.  Basu 


9.1  STRUCTURE  OF  THE  IONOSPHERE 

9.1.1  Ionospheric  Layers 

The  ionized  atmosphere  of  the  earth  is  composed  of  a 
series  of  overlapping  layers.  In  each  layer  there  is  an  altitude 
of  maximum  density,  above  and  below  which  the  ionization 
density  tends  to  drop  off.  The  total  ionization  profile  with 
the  layers  indicated  is  shown  in  Figure  9-1.  Characteristics, 


MIOLATITUOE  DENSITY  PROrILES 


Figure  9-1.  Total  ionization  profile  with  ionospheric  layers. 


Table  9-1.  Layers  of  daytime  midlatitude  ionosphere. 


of  the  layers  are  shown  in  Table  9-1.  This  profile  is  valid 
only  for  midlatitudes.  In  the  equatorial  region,  the  [  rofile 
is  distorted  by  the  geomagnetic  field,  and  in  the  polar  region, 
the  profile  is  distorted  by  ionization  by  energetic  particles, 
magnetospheric  coupling,  and  other  effects. 

The  D  region  is  presen;  only  during  daylight  hours.  The 
altitude  of  the  peat  density  is  normally  around  90  km,  but 
this  may  decrease  considerably  to  ~  78  km  when  the  solar 
x-ray  flux  is  enhanced.  The  E  region  peak  density  occurs 
at  a  peak  altitude  of  1 10  km.  At  sunset,  the  E  Region  electron 
density  drops  by  a  factor  of  10  or  more  in  a  short  period 
.(tens  of  minutes'/before  reaching  a  nighttime  equilibrium 
density.  At  night,  the  region  of  low  density  near  150  km 
between  the  E  region  and  the  F  region  may  have  a  sharply 
lower  density  than  shown  in  Figure  9-1  or  the  density  may 
be  great  enough  so  that  there  is  no  depletion  region  de¬ 
pending  on  geophysical  conditions.  The  F  region  is  a  com¬ 
bination  of  two  somewhat  different  regions.  The  FI  region 
has  an  altitude  peak  near  200  km,  but  is  absent  at  night. 
The  f  2  region  has  a  peak  near  3(X)  km  during  the  day  and 
at  higher  altitudes  at  night.  Shortly  after  sunset,  the  absolute 
density  near  the  peak  of  the  F  region  often  increases  due  to 
plasma  transport  processes  before  decreasing  to  a  night  time 
value. 

The  Topside  Ionosphere  is  the  name  given  to  the  rest 
of  the  ionosphere'  above  the  F  region  peak.  In  a  simple 
model  of  the  ionosphere,  the  density  of  the  topside  iono¬ 
sphere  decreases  exponentially  with  height  with  some  ciiaf- 


Layer 

Altitude(km) 

Major  Component 

Production  Cause 

D 

70-90  km 

N0^,0.* 

Lyman  Alpha,  x-rays 

E 

95-140  km 

Oz^.NO* 

Lyman  Beta,  Soft  x-rays, 
UV  Continuum 

FI 

140-200  km 

O*,  NO" 

He  11,  UV  Continuum 
(lOO-SOOA) 

F2 

2(X)-4C0  km 

O",  N" 

He  II,  UV  Continuum 

(100-800A) 

Topside  F 

>  400  km 

O" 

Transport  from  Below 

Plasmasphere 

>1200  km 

H" 

Transport  from  Below 
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acteristic  scale  height  until  the  ionization  density  is  below 
detectable  levels.  In  the  mid  and  low  latitude  ionosphere, 
the  geomagnetic  field  tends  to  trap  ions,  especially  hydrogen 
ions,  that  would  otherwise  drift  off  into  deep  space.  Thus, 
somewhere  between  800  and  2000  km  altitude  the  scale 
height  increases  to  a  very  large  value  (  i*  one  earth  radius). 
If  one  follows  a  geomagnetic  field  line  out  to  the  equatorial 
plane  and  back  into  the  conjugate  ionosphere,  the  density 
would  change  by  less  than  IC’  and  in  some  cases  less  than 
10.  This  region  of  trapped  ionospheric  ions  is  the  Plus- 
masphere  [Carpenter  and  Park,  i97,T|.  The  outer  edge  of 
the  plasmasphere  where  ionospheric  ions  are  not  trapped  is 
the  Plasmapause.  The  plasmapause  is  kKatdd  approximately 
along  the  geomagnetic  field  line  that  maps  down  to  60° 
magnetic  latitude.  A  representation  of  the  topside  iono¬ 
sphere  and  plasmasphere  is  shown  in  Figure  9-2. 


Figure  Repfoontation  topside  ionosphere  and  plasmasphere 

For  further  information  about  ionospheric  layers  see  Banks 
and  KrKkarts  j  197.1|;  Kohnlein  1 1978|;  and  Chapters  12  and 


9.1.2  Chapman  Theory  for 
Ionospheric  Layers 

The  layering  of  the  ionosphere  was  first  discussed  by 
Sydney  Chapman  in  the  1920s.  Ionizing  photons  from  the 
sun  will  prixluee  more  and  more  ions  as  they  penetrate 
deeper  and  deeper  into  an  atmosphere  with  rapidly  increas¬ 
ing  density.  As  photoionization  occurs,  the  flux  of  photons 
is  attenuated  until  a  depth  is  reach'd  that  photoionization 
production  drops.  Thus,  a  layer  of  ionization  near  the  al¬ 
titude  of  maximum  production  is  created. 

The  proce.ss  of  quantitatively  determining  the  height’pro- 
file  of  ionization  is  outlined  as  follows.  We  assume  that 
direct  photoionization  and  recombination  are  the  only  sources 
of  prixfuction  and  loss  respectively.  We  can  find  the  ion 
density  at  a  height  h  due  to  a  single  frequency  of  ionizing 


photons  V  by  setting  the  production  rate  equal  to  the  less 
rate  for  a  quasi-equilibrium  ionosphere.  The  production  rate 
is 

Q,.  (h)  =  N(h)  F„  (h)  ionizations  cm"' s"'  (9.1) 

where  3,.  is  the  absorption  cross  section  for  photoionization, 
N(h)  is  the  neutral  density  at  the  height  h,  and  F,,  (h)  is  the 
photon  flux  of  frequency  v.  The  recombination  rate  is  ap- 
ftroximately 

L„  (h)  =  ttK  N,  Nc  (9.2) 

where  Or  is  the  recombination  coefficient  and  N,  and 
ate  the  ion  and  electron  densities.  If  multiply  charged  and 
negative  ioiis  are  not  important,  Nj  =  N^.  For  an  appro¬ 
priate  set  of  assumptions,  the  density  near  the  peak  of  the 
layer  is 


where  Qm  is  the  production  at  the  peak  of  the  layer,  hp,  is 
the  height  of  the  layer  and  H  is  the  scale  height  of  the  neutral 
atmosphere.  The  parabolic  variation  of  density  with  h  around 
the  peak  gives  the  layers  of  the  ionosphere  their  character¬ 
istic  shape. 

In  principle,  the  above  equation  needs  to  be  summed 
overall  appropriate  frequencies  of  incident  photons  to  obtain 
the  total  ionospheric  profile.  In  fact,  many  details  about 
ionospheric  chemistry  (especially  in  the  D  and  E  layers)  and 
about  plasma  transport  (especially  in  the  F  layer)  must  be 
considered.  For  example.  NO  is  not  a  significant  component 
of  the  neutral  atmosphere,  but  NO*  is  a  significant  ion 
compiinent  due  to  a  chain  of  chemical  reactions  induced  by 
photoionization.  Details  about  computing  an  ionospheric 
model  with  all  factors  included  is  given  by  Banks  and  Kock- 
arts  [197.^1. 

9.1.3  Ionization  Production,  Loss 
and  Vertical  Transport 

Ionization  production  is  generally  a  two-step  process. 
The  first  step  is  the  creation  of  ions  from  the  neutrals  by 
stilar  photons  in  the  ultraviolet  and  x-ray  spectrum,  and  to 
a  lesser  degree  by  collisions  with  energetic  particles.  Most 
of  the  ionization  is  produced  by  solar  radiation  with  wave¬ 
lengths  less  than  1026  A.  which  ionizes  O,  O^,  and  N,. 
There  are  a  vast  iirray  of  minor  constituents,  especially 
molecular  and  metallic  ions,  that  are  important  in  under¬ 
standing  the  ionosphere.  Some  of  these  minor  c(?nstituents 
play  important  roles  in  the  absorption  of  solar  UV  radiation 
(especially  in  the  D  region),  in  ilic  productioii  of  airglow, 
in  the  chemistry  of  the  ionosphere,  and  in  the  role  of  tracers 
to  indicate  ionospheric  and  atmospheric  transport.  A  review 
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of  photoionizatic.n  is  given  by  Hudson  1 1971 1  and  Stolar^iki 
and  Johnson  1 1972|. 

The  second  step  in  the  creation  of  the  ionosphere  is  the 
reaction  between  ions,  neutrals,  and  electrons  to  create  dif¬ 
ferent  forms  of  ionization  than  that  created  by  direct  ioni¬ 
zation.  Ionospheric  chemistry  explains  why  NO  *  is  an  im- 
pirrtant  ionospheric  ion  despite  the  low  abundance  of  NO 
in  the  neutral  atmosphere.  Two  of  the  major  reactions  in 
the  ionosphere  which  create  NO  *  are 

N:  -h  0‘  -♦  NO*  +  N 

N,*  -t-  O  —  NO*  H-  N  (9.4) 

A;I  of  the  major  reactions  are  summarized  in  Figure  9-1  of 
Torr  [19791.  The  reactions  that  result  in  minor  constituents 
arc  quite  numerous  and  not  all  of  them  are  well  understmxl. 
Reactions  that  should  be  mentioned  involve  metastable  atomic 
states,  negative  ions,  ionization  by  photoelectrons,  energetic 
neutrals  and  vibrational  states  of  molecules.  Further  details 
of  ionospheric  chemistry  are  given  in  Chapter  2 1 . 

After  recombination  of  ions  and  electrons  to  form  neu¬ 
trals,  the  atoms  are  often  in  an  excited  state  that  is  meta¬ 
stable.  On  the  ground,  such  states  are  de-excited  'hrough 
collisions,  but  with  me  lower  collision  frequency  in  the 
thermosphere,  forbidden  au.mic  transitions  occur  which  re¬ 
lease  photons  not  generally  seen  in  the  laboratory  such  as 
the  5511  A  and  6.J(X)  A  emissions  of  atomic  oxygen. 

Negative  ions  are  generally  found  in  the  D  and  lower  E 
regions.  They  are  formed  primarily  through  electron-neutral 
molecule  collisions.  Photodissociation  of  electrons  from 
negative  ions  provides  the  major  source  of  D-region  elec¬ 
trons  shortly  after  sunrise.  See  Ferguson  j  1971  j  and  Turco 
|!974|  for  a  discussion  of  D-region  chemistry. 

After  electrons  are  removed  from  an  atom  by  photoion¬ 
ization.  they  have  an  energy  that  depends  upon  the  work 
function  of  the  atom  and  the  energy  of  the  photon.  The 
energy  distiibution  function  of  phomclectrons  is  a  complex 
function  [Jsspersc.  1977  and  Docring  et  al..  I976|  that  can 
crudely  be  approximated  by  a  combination  of  2  eV  and  a 
20  eV  .Maxwellian  distribution.  In  the  D  and  E  regions,  the 
photoeicctrons  lose  their  energy  through  collisions  close  to 
the  lix'ation  of  their  formation.  In  the  F  region,  the  photo¬ 
electrons  can  travel  significant  vertical  distances  before  los¬ 
ing  all  of  their  energy.  As  a  rule  of  thumb,  photoeicctrons 
traveling  upward  at  altitudes  above  .'?(X1  km  are  considered 
as  escaping  because  of  the  low  collision  frequency.  Except 
in  the  pillar  regions,  these  photiK’lectrons  do  not  truly  escape 
but  follow  magnetic  field  lines  into  the  opposite  hemisphere. 
.Some  of  their  energy  is  lost  to  plasma  in  the  plasmaspherc 
and  the  rest  is  used  to  heat  and  populate  the  opposite  ion¬ 
osphere  [Mantas  et  al.  I978|.  Photoelectrons  tVom  the  op¬ 
posite  hemisphere  are  most  important  when  one  hemisphere 
is  in  darkness  and  the  other  in  sunlight. 

Charge  exchange  reactions  such  as 

O'  +  M  fc:  O  T  H  •  (0.5) 


are  important  to  the  dynamics  of  the  ionosphere,  especially 
above  the  density  peak  of  the  F  region.  Energetic  ions  can 
undergo  a  charge  e/change  prtxtess.  cross  magnetic  field 
lines  as  a  neutral  and  be  re-ionized  by  a  second  charge 
exchange.  The  result  is  a  transfer  of  energy  across  field  lines 
that  otherwise  would  be  impttssible. 

The  principal  loss  of  ionization  comes  from  recombi¬ 
nation.  This  is  simply  the  reaction  of  positive  ions  and 
electrons  to  form  neutrals.  The  most  important  recombi¬ 
nation  reactions  are 

NO*  -b  e  -♦  N  -b  O 

O:  -b  e  -►  O  +  O.  (9.6) 

The  charge  exchange  reaction 

O*  -b  02-»  O2*  -b  O  (9.7) 

is  impoitant  to  facilitate  the  recombination  process.  The 
major  problem  related  to  loss  of  ionization  is  not  a  lack  of 
knowledge  of  the  reactions  but  a  'ack  of  precise  knowledge 
about  the  reaction  rates.  Reaction  rates  depend  upon  the 
density  of  the  ions  and  neutrals,  the  atomic  state  of  the 
incident  and  resultant  ions,  the  vibrational  state  of  mole¬ 
cules.  and  the  temperature  of  the  ions  and  electrons.  If  one 
reaction  rate  for  any  related  part  of  the  recombination  pro¬ 
cess  is  not  known  precisely,  it  is  difficult  to  determine  the 
reaction  rate  of  the  complete  recombination  process.  Solar 
eclipse  data  have  been  used  to  empiiically  determine  some 
of  the  effective  recombination  rates.  The  knowledge  of  re¬ 
action  rates  for  both  production  and  loss  covers  a  vast  at  ^ay 
of  atomic  and  molecular  reactions  [Torr.  1979;  Ferguson. 
1971;  and  DNA  Rate  Book.  I972|  known  with  varying  de¬ 
grees  of  precision. 

Vertical  transport  of  ions  and  electrons  is  principally 
governed  by  collision  frequency  and  gravity.  Below  l.JO 
km.  the  collision  frequency  of  ions  and  electrons  is  so  large 
that  to  a  gwid  approximation  no  ions  or  electrons  enter  or 
leave  a  unit  volume.  The  unit  volume  may  move  up  or  down 
under  the  intlucnce  of  pressure  gradients.  Between  I.W  km 
and  .1(X)  km  the  mean  free  path  of  electrons,  and  to  a  lesser 
degree  ions,  becomes  cornparable  or  larger  than  the  scale 
height  or  layer  thickness  of  the  ionosphere.  Diffusion  be¬ 
comes  an  impirrtanl  factor  in  plasma  transport  ind  energy 
exchange.  Above  an  altitude  of  .JOO— ftX)  km.  the  plasma 
can  be  treated  as  collisionless  for  many  purposes.  At  high 
and  midlatitudes,  vertical  transport  is  approximately  along 
magnetic  field  lines  and  particles  will  tend  to  diffuse  upward 
or  downward  according  to  their  mass.  Because  the  ions  and 
electrons  are  electrically  coupled,  ambipolar  diffusion  must 
be  considered.  The  ions  and  electrons  diffuse  upward  to¬ 
gether  at  a  rate  that  must  be  less  than  a  neutral  particle  with 
the  mass  of  an  electron  and  slightly  greater  than  a  neutral 
particle  with  the  mass  of  the  ion.  Near  the  equator,  vertical 
transport  is  impeded  by  the  magnetic  field  lines.  In  the 
daytime,  however,  due  to  electrodynamic  effects  ionization 


9-3 


V.V  s 


IONO.<{PHFRir  RADin  WAVF  PROPAriATinN 


CHAPTER  9 


is  transported  upwards  at  the  magnetic  equator  which  sub¬ 
sequently  diffuses  dowii  magnetic  field  lines  at  ±15°  mag¬ 
netic  latitudes.  This  results  in  the  Appleton  anomaly  as 
discussed  in  greater  detail  in  Section  9. 2. 2. 4. 

9.1.4  Neutral  Winds  and 
Horizontal  Transport 

Below  130  km  altitude,  the  ioi.-neutral  collision  fre¬ 
quency  is  so  high  that  ions  will  freely  flow  across  field  lines 
with  the  neutrals  but  the  electrons  are  relatively  fixed  with 
respect  to  the  magnetic  field.  As  a  result,  neutral  winds  tend 
to  cause  ionospheric  currents.  These  ionospheric  currents 
are  detected  on  the  ground  by  the  diurnal  variations  in  the 
magnetic  field  at  mid  and  low  latitudes  (  +  60°  to  -60°). 
The  Sq  (solar  quiet)  current  system  and  the  equatorial  elec¬ 
trojet  are  the  major  current  systems  related  io  the  neutral 
winds.  The  separation  of  ions  and  electrons  in  the  E  region 
produce  polarization  electric  fields  that  can  cause  E  x  B 
drift  of  plasma  in  both  the  E-  and  F-regions  (Evans.  1978). 

Neutral  winds  are  predominantly  atmospheric  tides  with 
periods  of  24.  12.  8.  6,  .  .  .  hours.  The  zero  order  neutral 
wind  consist'  of  a  steady  flow  away  from  ~  1400  local  time 
toward  —  0200.  The  latitude  of  these  high  and  low  pressure 
zones  shifts  seasonally  with  the  sun.  At  high  latitudes  the 
neutral  winds  are  strongly  affected  by  geomagnetic  activity 
(Roble  et  al..  1981).  The  ring  current,  which  causes  the 
negative  Dst  midlatitude  deflection  is  dissipated  in  the  ion¬ 
osphere  near  60°  which,  in  turn,  heats  the  thermosphere. 
The  Joule  heating  of  the  auroral  zones  and  polar  caps  and 
the  heating  from  precipitating  particles  also  cause  the  high 
latitude  thermosphere  to  be  heated.  As  a  result  of  the  heating 
of  the  thermosphere,  ;he  neutral  winds  at  high  and  mid¬ 
latitudes  can  be  strongly  affected  and  even  reverse  direction. 

The  convection  electric  fields  imposed  upon  the  high 
latitude  ionosphere  from  the  magnetosphere  also  cause  hor¬ 
izontal  plasm?  t'^ansport.  In  the  winter  ionosphere,  the  drifts 
driven  by  tfe  convection  electric  field  are  a  major  source 
of  ioniz'ation  in  the  polar  cap  drawing  from  the  auroral  zone 
and  the  day  side  [Sojka  et  al.,  1981 1.  Tne  convection  electric 
field  can  also  decrease  ionization  by  enhancing  the  recom¬ 
bination  rates  as  ions  are  driven  through  the  neutrals. 

9.2  HIGH  LATITUDE  PHENOMENA 


9.2.1  Total  Ionization  Trough  and  Light  Ion 
Trough. 

The  total  ionization  trough  is  a  region  of  decreased  F- 
region  ionization  and/or  total  electron  content  found  in  a 
lati'udinally  narrow  band  near  6()° -65°  magnetic  latitude 
(Ahmed  et  al..  !9791.  The  ends  of  the'  trough  are  typically 
found  an  hour  after  sunset  and  an  hour  before  sunrise.  Tht 


contour  of  the  trough  follows  the  contours  of  the  auroral 
oval  instead  of  paralleling  the  magnetic  latitudes.  As  the 
auroral  oval  moves  poleward,  the  trough  moves  poleward 
and  expands  in  width.  As  the  auroral  oval  mo-'es  equator- 
ward.  the  trough  moves  equatorward  and  decreases  in  width. 
The  depth  of  the  trough  (the  ratio  of  minimum  density  to 
the  density  a  few  degrees  equatonvard  and/or  poleward)  is 
typically  a  factor  of  ten  in  density  or  total  electron  content 
(TEC)  but  may  vary  Fom  barely  discernible  to  a  factor  of 
ia\ 

The  equatorward  wall  of  the  trough  tends  to  be  found 
on  the  same  field  line  or  r-2°  poleward  of  the  plasmapause. 
From  this  observat'on  has  come  the  suggestion  that  the 
trough  is  formed  by  plasma  flow  upwards  into  evacuated 
flux  tubes.  The  region  equatorward  lies  on  filled  flux  tubes 
that  can  replenish  the  plasma,  and  the  region  poleward  of 
the  trough  i.s  replenished  by  ionization  induced  by  precip¬ 
itating  energetic  particles.  An  alternate  explanation  is  that 
the  trough  is  created  by  the  cancellation  of  the  corotation 
and  convection  electric  field  in  the  evening  sector.  Plasma 
remains  nearly  stationed'  for  several  hours;  depletion  is  due 
to  recombination.  After  leaving  the  stagnation  zone,  the 
trough  is  sustained  through  the  night  by  the  lack  of  pro¬ 
duction  in  the  region  of  the  trough. 

The  light  ion  trough  is  a  sharp  drop  in  and  He* 
density  near  the  peak  of  F  region  and  in  the  topside  iono¬ 
sphere.  On  the  night  side,  the  light  ion  trough  or  density- 
gradient  is  collocated  with  the  equatorward  wall  of  (he  total 
ion  trough.  On  the  dayside,  the  light  ion  trough  continues 
to  be  found  near  60°  magnetic  latitude  while  the  total  ion 
trough  either  ceases  to  exist  or  moves  to  higher  latitudes. 
For  a  satellite  traveling  in  the  altitude  range  from  ~800  to 
~1500  km  on  the  dayside  and  ~600  to  ~1500  km  on  the 
night  side,  the  light  ion  trough  is  seen  as  a  rapid  transition 
between  H*  andO*  as  the  dominant  ion  (Titheridge,  19761. 
Above  ~1500  km.  the  O*  density  is  so  low  even  when  it 
is  the  dominant  ion  that  the  total  density  drops  by  a  factor 
of  ~10  to  >10'  at  all  local  times  at  the  same  latitude  as 
the  light  ion  trough. 

The  plasma  temperature  in  the  F  region  near  the  trough 
and  the  equatorward  wall  of  the  auroral  zone  is  increased 
substantially  from  the  temperature  in  -adjacent  regions.  This 
is  partly  related  to  energy  from  the  ring  current  in  the  equa¬ 
torial  plane  of  ihe  magnetosphere  being  transferred  to  the 
ionosphere.  When  this  energy  deposition  is  large  enough, 
the  airglow  is  en’iianced  to  form  stable  aurora!  red  (SARi 
arcs.  SAR  arcs  are  generally  subvisual.  They  tend  to  be 
most  intense  following  a  major  geomagnetic  storm. 

9.2.2  The  Ionosphere  in  the  Auroral  Oval. 

We  have  known  of  the  visual  displays  called  auroras  for 
centuries  and  we  have  know-n  for  the  past  century  that  au¬ 
roras  arc  associated  with  electromagnetic  disturbances. 
Howeve--.  it  has  only  been  since  the  stan  of  the  sp-ace  age 
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we  have  known  auroras  are  global  and  are  the  projection  of 
activity  at  great  altitudes  in  the  magnctosphert  and  solar 
wind  (Chapters  3  and  8).  The  global  nature  of  auroras  is 
generally  acknowledged  by  referring  to  the  aiiroral  oval,  a 
band  a  few  degrees  in  latitude  and  around  lioth  magnetic 
poles  where  auniral  phenomena  arc  found  (Feldstein  and 
Starkov.  1%7;  Meng.  1977;  Gussenhoven  et  al..  I98t  and 
1983;  see  also  Chapter  I7|.  The  optical  emissions  are  a 
result  of  the  energy  from  precipitating  energetic  particles 
(mostly  electrons)  being  deposited  in  the  ionosphere.  Op¬ 
tical  emissions  visible  to  the  naked  eye  are  mostly  in  narrow 
latitudinal  bands  (I  to  10  km  in  width)  called  auroral  arcs, 
but  there  are  precipitating  particles  and  optical  emissions 
throughout  the  auroral  zone.  In  the  equatorwaiJ  portion  of 
the  auroral  oval  the  optical  emissions  arc  spatially  uniform 
and  are  known  as  the  diffuse  aurora.  Along  the  poleward 
portion  of  the  oval,  the  precipitating  particle:;  tend  to  be 
grouped  into  bands  about  T  wide.  The  intensity  and  max¬ 
imum  energy  of  the  precipitating  particles  are  greatest  in 
the  center  of  the  band  and  fall  off  near  the  edges  of  the 
band.  These  have  been  called  "inverted-V"  events  due  to 
their  signatua*  in  the  records  of  polar  orbiting  satellites.  If 
the  maximum  intensity  is  great  enough,  a  visible  auroral 
arc  will  appear  at  the  center  of  the  inverted-V  event. 

The  precipitating  energetic  particles  lose  energy  to  the 
atmosphere  by  ionizing  neutrals  in  a  manner  similar  to  the 
ionization  caused  by  protons.  If  the  precipitating  particles 
all  had  the  same  er'ergy.  a  thin  layer  of  ionization  would 
be  formed.  The  altitude  cf  the  ionization  layer  is  determined 
from  the  energy  of  the  precipitating  particles:  10  keV  elec¬ 
trons  produce  an  ionization  layer  near  1 10  km  altitude;  .‘'(X) 
eV  electrons  produce  an  ionization  layer  near  180  km  al¬ 
titude.  The  density  of  the  'onization  layer  is  determined  by 
the  intensity  of  the  particle  Ilux. 

In  the  nighttime  auroral  zone,  the  electron  density  profile 
can  be  accurately  estimated  if  the  spectrum  of  precipitating 
particles  is  known,  or  conversely  the  spectrum  of  precipi¬ 
tating  particles  can  be  estimated  from  the  -.’Icctron  density 
profile  fVondrak  and  Baron.  1977|.  This  is  especially  true 
in  the  K  region  where  the  ionization  lifetimes  are  short.  In 
the  F  region  where  ionization  lifetimes  are  long,  the  ioni¬ 
zation  present  at  any  given  moment  is  influenced,  by  the 
precipitation  over  the  past  few  minutes  to  tens  of  minutes 
as  well  as  the  instantaneous  precipitation.  Also,  vertical  and 
hori/i>ntal, transport  has  a  major  efftel  upon  the  structure  of 
the  F  region.  Regions  of  enhanced  F  region  ionization  can 
drift  many  degrees  from  the  pnviuction  region  |  Vickrey  et 
al..  I980|. 

In  the  sunlit  auroral  zone,  photoionization  dominates  the 
production  of  ionization,  but  ionization  from  particles  has 
a  major  effect  on  plasma  irregularities.  .Also,  in  limited 
altitude  regions  the  ionization  from  particles  can  occasion¬ 
ally  dominate  phoioionization  Fven  where  the  nhotoioni- 
zatton  is  the  dominant  source,  the  heat  from  precipitating 
particles  increases  the  scale  height  of  the  ionosphere  and 
the  neutrals. 


'An  important  feature  of  the  high  latitude  ionosphere  is 
that  the  plasma  density  is  irregular  on  the  scale  of  meters 
to  kilometers  vertically  and  on  the  scale  of  meters  to  hundred 
of  kilometers  horizontally.  The  small  .scale  irregularities 
cause  scintillation  of  radio  signals  passing  through  the  ion¬ 
osphere.  The  large  scale  irregularities  or  density  gradients 
provide  a  necessary  condition  for  variou;.  plasma  turbulence 
mechanisms  that  result  in  small  scale  irregula.nties  (see  Chapter 
10).  The  cau'-es  of  irregularities  in  the  auroral  zone  are 
numerous  |Feicr  and  Kelley.  I98i;i  but  are  related  to  factors 
such  as  particle  precipitation  and  *1x8  drifts.  The  region 
of  auroral  zone  scintillations  extends  equatorward  of  the 
optical  auroral  (Martin  and  .Aarons.  I977|.  but  are  roughly 
colkKated  with  the  region  of  particle  preeip’tation.  Some 
of  the  strongest  scintillations  are  observed  when  the  ray  path 
of  the  radio  signal  is  aligned  with  the  magnetic  L-shell  in 
the  F  region.  This  has  been  analyzed  to  indicate  that  irreg¬ 
ularities  arc  in  the  form  of  sheets  extended  along  the  mag¬ 
netic  field  and  in  the  magnetic  E-W  direction  (Rino  et  a!., 
I978|. 

9.2.3  Substorm  Effects. 

In  the  ionosphere,  a  substorm  is  an  intensification  of 
puKcsses  and  structures  that  are  normally  observed  in  the 
quiet  time  auroral  zone  ionosf.licrc.  See  Chaptei  8  for  a 
complete  description.  During  a  iiubstorm  the  flux  and  av¬ 
erage  energy  of  the  precipitating  particles  increase  rapidly 
and  substantially.  This  causes  more  visible  features  to  ap¬ 
pear.  The  increase  in  the  energy  of  ihe  particle  causes  ion¬ 
ization  in  the  lower  E  layer  that  is  not  present  during  quiet 
times.  The  incrca.sed  activity  causes  an  increase  in  the  scin¬ 
tillation  producing  irregularities.  The  increased  E  x  B  drift 
rates  heat  the  ionosphere  and  increase  the  scale  heights. 

During  the  early  phases  of  a  substonn.  the  auroral  zone 
moves  equatorward  several  degrees  in  10-20  minutes.  The 
trough  cither  moves  equatorward  with  the  auroral  zone 
movement  or  ceases  to  exist  during  the  substorm  depending 
OP  geomagnetic  conditions  and  liKal  time.  During  the  late 
phases  of  a  substorm  the  auroral  oval  contracts  poleward 
and  precipitation  induced  ionization  tends  to  die  away  by 
recombination, 

9.2.4  Polar  Cap  Structure. 

I'he  polar  cap  ionosphere  is  relatively  placid  compared 
to  the  auroral  zone,  but  soft  panicle  precipitation  kni'wn  as 
polar  rain  (Winningham  and  lleikkila.  I974|  does  affect  the 
polar  cap  ion- 'sphere,  i-  th  •  summer  months,  the  polar  cap 
ionosphere  is  dominated  by  photoionization  similar  to  the 
niidlatiiude  ionosphere.  In  the  winter  months,  ionization  is 
generally  maintained  iiy  the  polar  rain  and  by  convection 
from  die  day  side  to  the  night  side  of  the  polar  cap  In  the 
winter  months,  the  F  layer  c;in  he  sunlit  while  the  I-  layer 
is  in  darkness.  Phis  cati  lead  to  lie'  being  the  ilominant 
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ion  in  parts  of  the  topside  ionosphere.  During  times  of  weak 
convection  and  precipitation,  the  winter  polar  ionosphere 
near  the  midnight  sector  can  decay  to  very  low  levels  of 
ionization:  this  area  is  called  the  polar  hole  (Brinton  et  ai.. 
19781. 

Since  the  magnetic  field  lines  in  the  polar  cap  diverge 
effectively  toward  infinity,  the  H  *  in  the  polar  ionosphere 
c.scapes  rapidly  in  a  process  known  us  the  polar  wind.  Unlike 
the  midlatitude  ionosphere,  O  *  is  generally  the  dominant 
ion  at  all  altitudes  of  the  F-region. 


9.3  EQUATORIAL  PHENOMENA 

9.3. 1  Sq  Current  System 

See  Chapter  4. 

9.3.2  Equatorial  Electrojet 


where  n  Is  the  electron  or  ion  concentration,  e  is  the  elec¬ 
tronic  charge,  and  v,  are  the  electron  and  ion  collision  fre¬ 
quencies,  and  n\.  and  m,  are  the  masses  of  an  electron  and  an 
ion  respectively.  The  longiti<dinal  conductivity  is  indepen¬ 
dent  of  magnetic  field  intensity  and  is  identical  to  the  con¬ 
ductivity  obtained  in  the  absence  of  any  magnetic  field. 

When  an  electric  field  is  applied  perpendicular  to  the 
magnetic  field,  the  conductivity  in  the  direction  of  the  elec¬ 
tric  field  is  called  the  Pedersen  conductivity  and  is  given  by 

a,  =  ne^  — - -  +  — - . 

.  +  fl,-)  mV  1/7  -h  a,-) 

^  (9.9) 

where  and  fi,  are  the  electron  and  ion  gyrofrequencies 
respectively. 

In  such  cases  of  a  crossed  electric  and  magnetic  field, 

:  Hall  current  usually  flows  perpendicular  to  both  the  electric 
and  magnetic  fields  and  the  resulting  conductivity,  called 
the  Hall  conductivity,  is  given  by 


The  intense  eastward  ionospheric  current  that  flows  by 
day  over  a  narrow  latitudinal  strip  along  the  magnetic  equa¬ 
tor  is  known  as  the  '  /  electrojet  (Matsushita  and 

Campbell,  19671.  The  electrojet  causes  the  large  daily  vari¬ 
ations  of  the  horizontal  component  of  magnetic  field  inten¬ 
sity  recorded  by  ground  magnetometers  near  the  magnetic 
equator.  The  ionospheric  current  system  is  a  result  of  a 
dynamo  action  of  the  horizontal  wind  system  and  the  elec¬ 
trical  conductivity  of  tne  ionosphere  in  the  presence  of  the 
electrons  and  inns.  The  concentration  of  ionospheric  current 
near  the  magnetic  equator  is  a  result  vif  the  high  value  of 
electrical  conductivity  of  the  upper  atmosphere  at  the  dip 
equator,  which  arises  from  an  inhibition  of  Hall  current  due 
to  the  horizontal  configuration  of  the  earth's  magnetic  field 
and  the  horizontal  stratification  of  the  ionosphere. 

The  electrical  conductivity  of  the  ionosphere  is  not  only 
governed  by  the  concentration  of  the  charged  particles  but 
by  tbe  neutral  panicles  and  the  eanh's  magnetic  field  as 
well  IChapman.  19561.  Through  collisions  the  neutral  par¬ 
ticles  restrict  the  motion  of  charged  particles  under  the  action 
of  any  impressed  electric  field  The  presence  oi  the  magnetic 
field,  on  the  other  hand,  restricts  the  motion  of  charged 
panicles  across  the  magnetic  field  and  therefore  makes  the 
conductivity  anisotropic. 

When  a  dc  electric  field  is  impressed  parallel  to  the 
magnetic  field,  the  longitudinal  electrical  cond  jctivity  that 
exists  parallel  to  the  magnetic  field  is  given  by 


L  +  n,,-)  m/v,-  +  n,-)J 

^  7  V  /  ,9  10) 

At  the  magnetic  equator,  an  eastward  electric  field  is 
developed  by  the  dynamo  action  of  the  horizontal  wind 
system,  which  gives  rise  to  a  motion  of  charged  particles 
in  the  ea.st-west  direction  (X)  due  to  the  Pedersen  conduc¬ 
tivity  (T|  and  in  the  vcnical  direction  (Z)  due  to  the  Hall 
conductivity  rr^.  In  view  of  the  horizontal  stiatification  of 
the  ionosphere,  the  flow  of  Hall  current  in  the  vertical  di¬ 
rection  (Z)  is  totally  inhibited  and  a  polarization  electric 
field  (E/)  develops,  in  such  a  case  the  current  densities  Jx, 
iy  in  the  X  and  Z  directions  can  be  expressed  as 

Jx  =  r-iEx  +  cr.Ey 
Jy  =  -OiEx  +  OiE/  =  0 


=  Oi  .  (9.1 1) 


The  resulting  conductivity  in  the  east-west  direction  is  called 
the  Cowling  conductivity  Oi. 

The  variations  of  Pederson  n-,.  Hall  o-.  and  Cowling 
(T,  conductivities  with  altitude  at  the  magnetic  equator  are 
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shown  in  Figure  9-3a  for  an  assumed  variation  of  electron 
density  N  and  temperature  T  shown  in  Figure  9-3b.  The 
enhanced  value  of  the  Cowling  conductivity  in  the  dynamo 
region  is  sufficient  to  account  for  the  intensity  of  the  equa¬ 
torial  clectrojet.  Away  from  the  equator,  the  geomagnetic 


Figure  s  -V  (al  Varialion  o(  Pcil'Tsen  <i|.  Hall  <r.'.  and  Cowling  <ti  con- 
ducli\ilic^  with  allilude  for  an  iono'phcre  in  which  electron 
densilv  N  and  icnipcrature  T  vaiv  a'i  >hown  al  Ibl  Note  that 
Hale  for  rr.  is  sinallcr  than  rr,  and  <r..  by  a  factor  of  10 
(Chapman  and  Raja  Rao.  ISb5.  based  on  Chapman.  IS.S6|. 


field  is  no  longer  horizontal,  which  allows  the  hall  field  to 
leak  away.  Baker  and  Martyn  [  19.321  estimated  that  the  half- 
width  of  the  strip  of  enhanced  east-west  conductivity  around 
the  dip  equator  is  about  3°  in  latitude.  The  equatorial  elcc- 
trojet  corrcsponils  to  an  oa<t-wcst  electric  field  of  0.5  mV/m 
and  a  vertical  polarization  field  of  about  10  mV/m.  This 
gises  rise  to  an  eastward  current  or  westward  electtxm  drift 
of  several  hundred  m/s.  The  electron  drift  is  westward  by 
day  and  eastward  al  night.  This  eicctrojet  nuxlel  was  studied 
in  detail  by  Sugiura  and  Cain  1 1966|.  More  complete  mixlels 
allow  ing  for  vertical  currents  have  been  discussed  by  Untiedt 
(1967].  Sugiuia  and  Poros  |i969|.  Richmond  |I973|.  and 
others 

The  equatorial  electrojet  current  has  been  observed  to 
reverse  its  normal  direction  during  day  or  night  and  during 
magnetically  quiet  or  disturbed  condtions;  this  reverse  cur¬ 
rent  system  has  been  termed  the  amnlcr  cicctrojci  |Gouin 
and  Mayaud.  f9b7;  Hutton  and  Oyinloye.  1970;  Rastogi. 
1973;  Fejer  et  al..  i97fv,  Fcjer  and  Kelley.  I9S01.  The  rapid 
reversal .  during  disturbed  conditions  have  been  related  to 
magnetosphcric  and  high-latitude  phenomena  [Matsushita 
and  BaKley.  197.7].  whereas  the  reversals  during  quiet  con¬ 
ditions  have  been  related  to  lunar  tides  [Rastogi.  19741. 


IONOSPHERIC  PHYSICS 
9.3.3  Electrojet  Irregularities 

lonosondcs  first  detected  the  existence  of  a  distinct  type 
of  sporadic  E  near  the  magnetic  equator  which  is  patchy 
and  transparent  to  radio  waves  reflected  from  higher  layers. 
The  intensity  of  equatorial  E,  (or  E,^)  is  strongly  correlated 
with  the  strength  of  the  electrojet  current  discus.sed  in  the 
lasit  section  [Matsushita.  1951 1.  A  typical  ionogram  showing 
E„j  echoes  is  shown  in  Figure  9-4.  VHF  forward  scatter 
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Figure  9-4.  The  typical  equatorial  sporadic  E  configuration  on  aii  iono¬ 
gram  recorded  al  Huancavo.  Peru  at  1229  hr  (75°W)  on  19 
\pril  I9N)  (Cohen  ci  al..'  I%21. 


experiments  established  that  these  echoes  arise  as  a  result 
of  scattering  from  field  aligned  irregularities  of  electron 
density  immersed  in  the  equatorial  electroject  [Bowles  and 
Cohen.  I962|. 

The  imprirtant  characteristics  of  the  electrojet  irregular¬ 
ities  as  related  to  the  physics  of  the  scattering  region  havt 
been  probed  by  the  VHF  radar  measurements  performed  at 
the  Jicamar  A  Radit)  Observatory.  Radar  spectral  studies 
have  shown  the  existence  of  two  classes  of  irrcgulaiities 
called  Type  I  and  Tyftc  2.  asswiated  with  the  electrojet 
[Balsley  and  Farley.  1973;  Farley  and  Baisley,  1973;  Fejer 
and  Kelley.  19S0|. 

Type  1  irregularities  have  a  very  narrow  spectrum  with 
a  Doppler  shift  corresponding  approxiniately  to  the  ion 
acoustic  velocity  of  about  .^60  m/s.  Farley  1 1963]  and  Bune- 
man  |1963|  have  explained  the  Type  1  irregularities  by 
showing  that  a  plasma  is  unstable  to  waves  when  the  relative 
electron-ion  drift  velocity  in  the  direction  of  the  wave  ex¬ 
ceeds  the  ion  acoustic  velocity.  As  such.  Type  1  irregular¬ 
ities  are  also  called  two-stream  irregularities.  Type  2  irreg¬ 
ularities  on  the  other  hand  have  phase  veliKities  smaller 
than  the  ion-acoustic  veltK'ity  and  are  observed  even  when 
the  eastward  drift  vekveity  iti  very  small  during  the  day. 
Type  2  irregularities  are  identified  with  echoes  in  ictn- 
ogranis  and  both  disappear  under  counter  electrojet  condi- 
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Mons  during  the  daytime.  At  night  the  Type  2  irregularities 
are  almost  always  observed  except  for  momentary  disap¬ 
pearance  when  the  electrojet  electric  field  reverses  sign.  The 
Type  2  irregularities  are  explained  by  the  gradient  drift 
instability  mechanism.  This  is  because  the  horizontal  po¬ 
larization  field  arising  from  a  relative  eleetrqn-ion  drift  in 
the  electrojet  region  can,  in  the  presence  of  the  earth’s 
magnetic  field,  develop  a  drift  in  the  direction  of  the  ver¬ 
tically  oriented  densi»y  gradient  and  give  rise  to  these  ir¬ 
regularities  IFejer  and  Kelley,  1980]. 

9.3.4  Equatorial  Anomaly  and  Fountain 
Effect 

During  the  equinox  the  sun  is  overhead  at  the  equator, 
and  in  terms  of  solar  control  the  ionization  density  is  ex¬ 
pected  to  be  maximum  in  that  region.  Instead,  the  daytime 
ionization  density  at  the  F:  peak  shows  a  pronounced  trough 
at  the  magnetic  equator  and  crests  at  about  .^()°N  and  30°S 
magnetic  dip.  This  anomalous  latitude  variation  of  F.  ion¬ 
ization  near  the  magnetic  equator  obtained  from  bottomsidc 
ionograms  illustrated  in  Figure  9-5.  was  first  recognized  by 


Figure  V-5.  Variation  of  N„.F;  and  of  electron  density  (clectn»n  concen¬ 
tration)  at  tixed  heights  with  magnetic  dip.  for  noon  on  mag¬ 
netically  quid  days  in  September  1957.  The  zcn>  level  for 
each  curve  is  indicated  on  the  left  {Crtx>m  ct  al..  1959], 
Reprinted  with  permission  fmni  MacMillan  Journals  Ltd..  ?. 
1959  I 

Appleton  1 1946)  and  is  known  as  the  equatorial  anomaly  or 
Appicion  anmvMy. 

The  equatorial  anomaly  is  explained  in  terms  of  a  foun¬ 
tain  effect  caused  by  vertical  electrodynamic  drift  at  the 


equator  and  plasma  diffusion  along  geomagnetic  field  lines 
IMartyn.  19.59).  Figure  9-6  illustrates  how  the  eastward  E- 
region  dynamo  electric  field  at  ItKations  slightly  off  the 
magnetic  equator  maps  to  F-regi('n  altitude  over  the  equator. 
The  eastward  electric  field  in  conjunction  with  the  northward 


Figure  9-6.  The  F  regiiui  geomagnetic  anomaly.  Near  the  equator  the 
electric  iiclds  of  the  atmospheric  dynamo  in  the  E  layer  arc 
conveyed  upwards  aU>ng  geomagnetic  lines  of  force  to  the 
motor  in  the  V-  layer  where  they  produce  an  upwards  move¬ 
ment  of  the  plasma  during  the  day.  The  raised  plastna  then 
diffuses  down  lines  of  force  to  prtKlucc  enhanced  concentra¬ 
tion  at  places  on  each  side  of  the  equator  and  decreased 
concentration  at  the  equator  itself  IRaicliffc.  1972]. 

geomagnetic  field  gives  rise  to  u  vertically  upward  plasma 
motion.  At  high  altitudes  over  the  equator,  the  plasma  en¬ 
counters  field  lines  that  connect  to  the  F.  peak  at  30®N  and 
30°S  magnetic  dip  along  which  the  plasma  diffuses  under 
the  action  of  gravity.  Such  plasma  transport  depletes  the  F. 
ionization  at  the  equator  and  increases  the  density  at  loca¬ 
tions  30°N  and  3()°S.  Theoretical  studies  of  the  equatorial 
anomaly  on  a  more  rigorous  basi.s  have  been  performed  by 
many  workers  |sce  Hanson  and  Moffett.  1966  and  references 
therein). 

The  transpttrt  processes  involved  in  the  formation  of  the 
equatorial  anomaly  arc  best  illustrated  by  the  Alouette  I 
topside  sounder  results.  Figure  9-7  shows  the  variation  of 
ionization  density  as  a  function  of  height  and  latitude  in  the 
daytime  topside  ionosphere.  At  high  altitudes  over  the  mag¬ 
netic  equator,  the  density  shows  a  dome-like  structure  fol¬ 
lowing  the  shape  of  a  magnetic  field  line.  At  lower  altitudes, 
below  700  km.  a  field-aligned  double  humped  structure  is 
obtained,  with  the  maxima  being  closer  together  at  the  greater 
heights. 

The  diurnal  development  of  the  equatorial  anomaly  has 
been  studied  from  ground  based  as  well  as  topside  sounders. 
Ground  based  data  indicate  that  during  years  of  sunspot 
minimum  the  anomaly  is  most  promiunced  at  about  I4(K) 
l.T  and  then  declines  steadily  until  it  disappears  around  2(XX) 
LT  (Rastogi,  I959I.  However,  during  the  period  of  sunspot 
maximum,  the  anomaly  after  an  irifial  decay  in  the  afternoon 
hours  shows  substantial  redcvelopnient  in  the  late  evening 
hours  IMartyn.  1959;  Appleton.  1960;  Wright.  196()|  and 
often  the  ionization  density  at  the  crests  in  the  evening  periiKl 
exceeds  the  daytime  values.  Latitudinal  asymmetry  of  the 
ecuatorial  anomaly  in  the  northern  and  southern  hemisphere 
as  a  function  of  season  and  longiiudc  has  also  been  studied 
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agated  signal.  The  bulk  of  the  infurmation  on  magnitude 
and  ticcuirence  of  these  irregularities  came  from  amplitude 
fluctuation  or  scintillation  measurements  at  a  host  of  equa¬ 
torial  stations  (see  Chapter  10  for  further  details). 

During  the  last  decade  u  determined  effort  has  been  made 
to  understand  the  nature  and  tKCurrence  of  nighttime  equa¬ 
torial  F-region  irregularities  since  the  largest  propagation 
effects  extending  up  to  S-band  frequencies’  are  observed,  in 
this  region.  Our  insight  has  come  from  multi-technique  ob¬ 
servations  comprising  satellite  and  riKkct  in  siiii  measure¬ 
ment  of  irregularity  amplitude  and  .•ipcctra.  coherent  and 
ince.hcrcnt  radar  backscatter  measurements,  total  electron 
content  and  ground  based  and  airborne  multi-frequency  scin¬ 
tillation.  and  all-sky  imaging  photometer  measurements. 
Together  these  techniques  measure  irregularities  over  scale 
lengths  of  5  to  6  orders  of  p  ignitude  from  hundreds  of 
kilometers  to  tens  of  centimetc.'s.  and  given  the  right  con¬ 
ditions  the  post-sunset  equatorial  F-region  is  indeed  found 
to  contain  irregularities  over  this  cnonnous  scale  size  range 
IBasu  and  Basil.  1981).  A  brief  description  of  the  different 
techniques  and  their  results  arc  given  below. 

The  rwket  and  satellite  in  xiiii  measurements  have  de¬ 
tected  large  scale  irregular  bitcouts  of  ion  concentration  (N,) 
in  the  nighttime  equatorial  spread-F  region  asswiated  with 
small  scale  irregularities  in  N,  (Hanson  and  .Sanatani.  197.'); 
Kelley  et  al..  1976;  Morse  et  al..  1977).  A  comprehensive 
study  of  such  depleted  regions  by  McClure  et  al..  [19771 
indicates  the  presence  of  very  sharp  electron  density  struc¬ 
tures  (see  bottom  panel  of  Figure  9-8)  and  the  existence  of 
ionic  species  near  the  F-peak  that  are  normally  obtained  in 
the  bottomside  and  valley  region  between  the  K  and  F  layers. 
This  study  also  revealed  the  existence  of  a  highly  structured 
upwaid  velocity  within  these  depleted  regions  on  the  order 
of  100  m/s  (hence  the  name  hiihhU’x).  and  sometimes,  in 
addition,  a  westward  velocity  of  about  20  m,/s  as  shown  in 


(Lyon.  1%,);  Lyon  and  I'liomas,  |96.t|.  Inteihemispheiic 
neutral  wind  and  variation  of  magnetic  declination  with 
longitude  have  been  invoked  hi  thcoietiial  models  (Hanson 
and  Moffett.  I9(i(i|  to  account  for  such  asynmietiy. 

9.3.5  Equatorial  F  Region  Irregularities 

Historically,  the  signaline  of  equatonal  nighttime  F- 
region  irregularities  was  hist  obtained  from  'he  spread-1 
signature  on  ionogiams  (Hoc  kei  and  Wells.  10)81  (•(ina- 
torial  spread-F  has  \ince  been  rlivirleil  into  two  types,  range 
and  liequency  spicad  (CalvcTt  and  Cohen.  |0(il;  Rastogi. 
I9.8t)|.  the  foimertype  being  attiibuted  tostiongly  seattering 
inegularittcs. 

I  he  advent  of  oibiting  and  geostationary  beacons  in  the 
early  |0M  is  jirov  nlcd  another  teehirK|ue  for  monitori'ig  cqua- 
tonal  it legulai ities.  that  ot  measuiiiie  t!ie  phase,  amphlude. 
aiul  I'l.iiu  oi  polar  i/ai:oii  ol  tire  ti.iii'  ionosphericallv  prop 
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and  niaenetie  local  time  are  indicated  on  the  tijrure  The  sat¬ 
ellite  loneitude  was  -.'0'  to  ft.'  .  The  observed  pitch  and 
yaw  aiiL'Ics  are  shown  in  the  apjvr  and  lower  curves,  res 
pcstti'.eis  Tosirire  ancles  correspond  to  ions  moving  up  or 
lelt  w;th  ic'pect  to  the  spacer  latl  t\tc(  ‘lure  et  at  .  IVT7| 
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Figure  9-8.  WcxHlman  and  LaHo/  |I976|  using  the  radar  mensional  maps  of  these  structures  show  that  the  depletions 

technique  at  .licamarca  i^bsersed  plume-like  structures  in  observed  near  the  magnetic  equator  have  typical  E-W  di- 

backscaiter  power  maps  o)  equatorial  irregularities  at  3  m  mension  of  KX)  km  and  are  as  large  as  1200  km  in  the 

wave  length.  The  maps  'hey  obtained  are  similar  to  that  magnetic  N-S  direction.  These  observations  establish  that 

shown  in  the  top  panel  ot  ''igure  9-9.  They  interpret  the  the  bubbles  are  open  at  the  Ixittoni  and  confined  within 

plumes  as  being  due  to  ve  tically  rising  bubbles  and  their  magnetic  field  tubes.  From  measurements  of  both  incoherent 

wakes.  Evidence  for  the  fact  that  the  plasma  bubbles,  most  scatter  and  coherent  backscatter  using  a  steerable  radar  at 

probably  initiated  by  the  Rayleigh-Taylor  instahiliiy.  are  155  MHz,  Tsunoda  [I980al  liKoted  the  I  m  field  aligned 

probably  extended  in  altitude  has  been  obtained  from  con-  '  irregularities  at  the  top  edge  of  a  plasma  bubble  and  mapped 
ventional  p<ilarimeter  observations  of  the  total  electron  con-  the  bubble  along  the  magnetic  field  tube, 
tent  (TEC).  These  observations  |  Yeh  et  al.,  1979:  DasGupta  By  performing  careful  coordinated  studies  of  radar  back¬ 
et  al..  I982|  show  that  scintillation  patches  in  the  early  scatter,  high  resolution  satellite  and  rocket //>. v/'ru  and  ground 

evening  hours  (Kcur  in  asstxriation  with  depletions  of  TEC  scintillation  measurements,  the  spatial  and  temporal  coex- 

which  may  be  as  large  as  qOVr  of  the  ambient  value.  '  istence  of  kilometer  and  meter  scale  irregularities  have  been 

From  topside  sounder  observations.  Dyson  and  Benson  studied  |Basu  et  al..  1978;  1980;  Rino  et  al.,  1981 1.  Figure 

1 19781  have  shown  that  plasma  bubbles  are  confined  within  9-9.  taken  from  Busu  and  Basu  1 1981 1,  shows  (hat  the  3  m 

magnetic  field  tubes.  By  the  use  of  an  all  sky  imaging  irregularities  causing  the  radar  backscatter  and  kilometer  to 

photometeron  board  an  aircraft.  Weber  et  al..  1 1978,  I980|  several  hundred  meter  irregularities  causing  scintillations 

have  detected  6.300  A  airglow  depletions  in  the  nighttime  are  simultaneously  (within  the  limit  of  time  resolution  of 

equatorial  F-region  in  asscKiation  with  radar  backscatter  and  the  experiment  ~  min)  generated  in  the  onset  phase,  but 

scintillation  patches.  The  6.3(K)  A  airglow  depletions  signify  the  short  scale  irregularities  are  outlived  by  the  large  scale 

depletions  of  integrated  ionization  density  and  the  two-di-  ones  by  several  hours.  A  considerable  effort  has  been  made 
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over  the  past  few  years  to  detect  irregularities  shorter  than 
the  ion  gytoradius  which  js  ~5  m  in  the  topside  equatorial 
ionosphere  [Woodman  and  Basu.  1978]  for  radar  system 
applications  and  for  the  understanding  of  the  complex  plasma 
processes  in  equatorial  spread  F.  By  the  use  of  the  ALTAIR 
radar  at  Kwajiilein,  Marshall  Islands,  irregularities  with  spa¬ 
tial  wavelengths  of  I  m  and  36  cm  have  been  detected 
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[Tsunoda  et  al.,  i979;  Towle.  1980;  Tsunoda,  1980bl  and 
more  recently  the  TRADEX  radar  at  Kwajalein  has  been 
used  to  detect  1 1  cm  irregularities  which, are  approximately 
3  times  the  electron  gyroradius  and  30  times  the  Debye 
length  [Tsunoda.  1980c).  Thus  equatorial  spread  F  is  found 
to  encompass  irregularity  wavelengths  ex{ending  over  5-6 
orders  of  magnitude. 
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The  series  of  reviews  presented  is  an  attempt  to  introduce 
ionospheric  radio  wave  propagation  of  interest  to  system 
users.  Although  the  attempt  is  made  to  summarize  the  field, 
the  individuals  writing  each  section  have  oriented  the  work 
in  the  direction  judged  to  be  most  important. 

We  covei  areas  such  as  HF  and  VLF  propagation  where 
the  ionosphere  is  essentiallv  a  "'olack  box",  that  is.  a  vital 
pan  of  the  system.  We  also  (.  over  areas  where  the  ionosphere 
is  essentially  a  nuisance  such  as  the  scintillations  of  trans- 
ionospheric  radio  signals. 

Finally,  we  have  included  a  summary  of  the  main  fea¬ 
tures  of  the  mcxiels  being  used  at  the  time  of  writing  these 
reviews.  |J.  Aarons| 

10. 1  MEASURING  TECHNIQUES 

10. 1. 1  lonosonde 

For  more  than  four  decades,  sounding  the  ionosphere 
with  ionospheric  sounders  or  ionosondes  has  been  the  most 
important  technique  developed  for  ihe  investigation  of  the 
global  structure  of  the  ionosphere,  its  diurnal,  seasonal  and 
solar  cycle  changes,  and  its  response  to  solar  disturbances. 
Even  the  advent  of  the  extremely  powerful  incc'hcrent  scatter 
radar  technique  [Hvan.s.  197.‘i|.  which  permits  nicasurenient 
of  the  complete  electron  density  profile,  electron  and  ion, 
temperatures,  and  ionospheric  nuitions.  has  not  made  the 
relatively  inexpensive  and  versatile  ionosonde  obsolete.  On 
Ihe  contrary,  niixlern  techniques  of  complex  ionospheric 
parameter  measurements  and  data  processing  |Hibl  and 
Reimseh.  l97X:i;  Wrigh.  and  Pitteway,  1979;  Buchau  ei  al  . 
19781  hdve  led  to  a  resurgence  of  interest  in  ionospheric 
sounding  as  a  basic  research  tool,  while  a  renewed  interest 


in  HF  communications  is  leading  to  a  rejuvenation  of  the 
g.obal  ionosonde  network.  , 

10. 1 . 1 . 1  lonogram.  Ionospheric  sounders  or  ionosondes 
are.  in  principle.  HF  radars  that  record  the  time  of  flight  or 
travel  of  a  tran.smitted  HF  signal  as  a  measure  of  its  ionos¬ 
pheric  reflection  height.  By  sweeping  in  frequency,  typically 
from  0.5  to  20  MHz.  an  ionosonde  obtains  a  meas¬ 
urement  of  the  ionospheric  reflection  height  as  a  function 
of  frequency.  A  recording  of  this  reflection  height  meas¬ 
urement  as  a  function  of  frequency  is  called  an  ionogram. 
lonograms  can  be  used  to  determine  the  electron  density 
distribution  as  a  function  of  height.  Nc(h).  from  a  height 
that  is  approximately  the  bottom  of  the  E  layer  to  generally 
the  peak  of  the  F2  layer,  except  under  spread  F  conditions 
or  under  conditions  when  the  underlyii.g  ionization  prevents 
measurement  of  the  F2  layer  peak  density.  More  directly, 
ionosondes  can  be  used  to  determine  propagation  conditions 
on  HF  communications  links. 

Two  typical  ionograms  produced  by  a  standard  analog 
ionospheric  sounder  using  film  recording  techniques  are  shown 
in  Figure  1 0-1.  The  frequency  range  is  0.25  to  20  MHz 
(liorizontdl  axis),  and  the  displayed  height  range  is  WXi  km, 
with  l(X)  km  height  markers.  The  bottom  ionogram  is  typical 
for  daytime,  show  ing  the  signatures  of  reflections  from  the 
E.  FI  and  F2  layets.  The  cusps,  seen  at  various  frequencies 
(where  the  trace  tends  to  become  vertical)  indicate  the  so- 
called  critical  frequencies.  foE.  foFl .  and  foF2.  The  critical 
frequencies  tire  those  frequencies  at  which  the  ionospher'C 
sounder  signals  penetrate  the  respective  layers.  These  fre¬ 
quencies  arc  a  measure  of  the  maximum  electron  densities 
of  the  respective  layers.  Since  the  densities  vary’  with  time, 
ionospheric  sounding  is  used  to  obtain  information  on  changes 
in  the  critical  frequency  and  other  parameters  of  the  electron 
density  vs  height  pixilile. 
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Fijiurc  10- 1 ,  T>pical  niidlalitmlc  day  and  niahlliiiii,'  icmiierani'.  rocordod  by  a  (  -4  iDixiMindc  al  lb >iildor.  Colorado  Tlio  daytime  ionos>raio  '.hov^^  relicclioti'. 
from  b,  t-s.  11  and  I  ’  la\crv;  the  niithnimc  lonociam  those  from  IS  and  I C  larors. 


The  ionogram  (Figure  lO-l )  shows  signatiifes  of  various 
phenomena  That  complicate  the  process  of  ionospheric 
sounding  or  the  ionograni  analysis.  Superimposed  on  the 
primary  F  layer  echo  trace  is  a  similar  but  not  identical 
trace,  shifted  up  in  frequency:  the  so-called  extrai'rdinary 
or  X  component.  The  primary  trace  is  called  the  ordinary 
or  0  component.  The  echo  trace  is  split  into  two  traces  due 
'o  effects  of  the  earth's  magnetic  ftelil.  A  second  trace  sim¬ 
ilar  to  the  primary  trace  is  seen  at  twice  the  range,  a  multiple 
reflection.  Only  a  small  fraction  of  the  wave  energy  is  re¬ 
ceived  by  the  antenna  after  it  has  returned  from  thd  iono¬ 
sphere.  Most  of  the  returned  energy  is  reflected  back  from 
the  ground  and  prosides  the  lir;.t  multiple  (second  order 
echo)  at  tv.  ice  the  range.  If  the  ionosphere  is  a  gesn!  reOcctor. 
and  losses  in  the  D  region  are  low.  additional  rcHections 
can  be  observed.  Figure  10- 1  (Night)  shows  a  second  mul¬ 
tiple  (third  order  echo)  for  pan  of  the  Hs  tra'  It  is  easy 
to  see  that  slopes  increase  by  a  factor  that  corresponds  to 
the  order  of  the  echo. 


Finally,  we  see  vertical  bands  in  the  frequency  range 
frtsm  ()..b  to  1.7  MH/.  the  signature  of  radio  frcf|uencv 
interference  (RFl)  in  an  ionogram.  here  frmii  the  AM  band. 
RFT  can  become  severe  enesagh  to  prevent  the  recording  of 
ionospheric  >.‘chocs;  for  example,  interference  masks  part  or 
all  <>f  the  F  layer  trace  bclosv  I.7MH/. 

The  top  of  Figuic  10- 1  shows  a  typical  nighttime  ion¬ 
ogram.  The  F  and  FI  traces  ha.e  disappeared  because  ihese 
layers  di'sip.:>!e  after  sunset.  (Residual  nighttime  F  region 
ioni/ation  of  low  density  can  be  obsci  veil  in  th.’  absence  of 
low  sporarlic  K  layers  at  stations  with  low  RFl  and  large 
antennas. )  Felloes  from  a  sporailic  F  lay  er  ( Fs t  and  F2  layer 
echiKs  and  (heir  multiples  are  clearly  visible  in  Figure 
10- 1 .  .At  times  a  brushlike  spreading  id"  the  F2  layer  cusps 
is  observed.  It  is  called  spread  F  and  is  caused  by  small 
scale  irregularities  embediled  in  the  ioiiosphcie  and  ripples 
in  the  equidensity  contours  on  the  ordei  t>f  hundreds  of 
meters  to  kilometers  For  a  detailed  discussion  of  spread  F 
see  Davies  llOhb]  and  Rawer  and  Suchy  1 1%71;  for  a  dis- 
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cussion  of  the  (Kcurrcnco  and  global  distribution  see  Herman 
1I966|.  The  nighttime  lonogram  also  shows  increased  RFl 
bands  at  higher  frequencies.  Because  the  D  layer  disappears 
at  night,  HF  propagation  over  large  distances  is  possible. 
This  long  distance  propagati*^  is  heavily  used  for  broad¬ 
casting  by  commercia!  users  and  for  slwrlwave  radio  com¬ 
munications  by  government  services  and  radio  amateurs. 
Fortunately  the  ionosonde's  own  ech(x;s  also  increase  iii' 
amplitude  due  to  the  disappearance  of  the  D  layer,  reducing 
to  some  extent  the  effect  of  increased  propagated  noise  on 
the  systems  overall  signal-to-noise  ratio. 

10.1.1.2  Principles  of  Ionospheric  Sounding.  The  con¬ 
cept  of  ionospheric  sounding  was  born  as  early  as  1924, 
when  Breit'and  Tuve  |I926|  proved  the  existence  of  an 
ionized  layer  with  the  reception  of  ionospheric  ech<ies  of 
HF  pulses  transmitted  at  4.3  MHz  from  a  remote  transntitter 
(distance  13.8  km).  This,  during  the  next  decade,  led  to  the 
development  of  monostatic  ionospheric  sounders  by  the  Na¬ 
tional  Bureau  of  Standards  and  the  Carnegie  Institution. 
Even  Uxiay  the  principles  used  by  Breit  and  Tuves  constitute 
the  principles  on  which  most  ionospheric  sounders  are  based. 
These  are  the  transmission  of  HF  pulses  and  the  measure¬ 
ment  of  their  time  of  flight  to  the  reflection  level.  For  a 
short  historical  rev  ew  of  the  development  of  ionospheric 
sounders  see  Villard  11976|. 

Ionospheric  sounding  takes  advanti'ge  of  the  refractive 
properties  of  the  ionosphere.  A  radio  wave  propagating  into 
the  ionoiipheric  plasma  encounters  a  medium  with  the  re¬ 
fractive  index  (in  the  absence  of  the  eatlh's  magnetic  field 
B.  and  ignoring  collisions  between  electrons  and  the  neutral 
atmosphere) 


where 


=  1  -  .X  = 


X  = 


N,e- 

4  TT"r„mf’' 


(10.1) 


(10.2) 


e.  F„  and  m  arc  natural  constants.  N..  is  the  electron  'ensity. 
and  f  is  the  w  ave  frequency  .  Below  the  ionosphere,  Ni.  =  0. 
and  p,  =  I.  Within  the  ionosphere.  N,  >  0,  and  p  <  1. 
.At  a  level  where  X  =  I . 


N,,  e- 
4Tr-F..m 


(10.3) 


the  refractive  index  p  becomes  zero.  The  wave  cannot  prop¬ 
agate  any  farther  and  is  reflected.  The  quantity  1'^.  which 
relates  the  electron  density  to  the  frequency  being  reflected, 
is  called  the  plasma  frequency.  Inserting  the  natural  ‘-on- 
stanis'into  Equation  !  10.3)  permits  us  to  deduce  the  useful 
relation  between  electron  density  and  plasma  frequency  (which 
is  identical  to  the  probing  frequency  being' reflected) 


fN  =  0.009  \/n[.  (10.4) 

N,.  =  1.24  X  10-*  fs,  (10  5) 

where  f^  is  in  MHz  and  N^.  in  electrons/cm’.  The  plasma 
frequency  is  fne  natural  frequency  of  oscillation  for  a  slab 
of  neutral  plasma  with  the  density  after  the  electrons 
have  been  displaced  from  the  ions  and  are  allowed  to  move 
freely.  For  further  discussions  of  the  relation  of  p  to  the 
wave  propagation  see  Davies  |1966|. 

Peak  densities  of  the  ionospheric  layers  vary  between 
10^  and  >  lO*"  el/cm'  Inserting  these  numbers  into  Equation 
(10.4)  gives  a  plasma  frequency  range  from  1  to  >  9  MHz, 
this  is  the  reason  for  the  frequency  range  (0.5  .MHz  «f  ^ 
20  MHz)  covered  by  a  typical  ionosonde.  The  low  densities 
of  the  D  layer  can  only  be  probed  with  low  frequencies 
<  250  Hz.  requiring  large  antennas  and  complex  processing/ 
analysis  techniques  and  are  not  directly  measurable  by  the 
standard  ionosondes  (for  details  see  Kelso  11964]  and  ref¬ 
erences  therein).  Indirectly  the  D  region  ionization  is  meas¬ 
ured  by  the  integral  absorption  effects  that  it  imposes  on 
the  HF  waves  propagating  through  it  to  the  E  or  F  region 
reflection  levels  (sep  discussion  of  fmin). 

The  inclusion  of  the  magnetic  field  in  the  formula  for 
the  refractive  index  leads  to  the  well  known  Appleton  dis¬ 
persion  formula  (dispersion  means  that  the  refractive  index 
depends  on  the  propagating  frequency)  for  a  magnetized 
plasma,  here  given  for  the  case  of  no  collisions,  generally 
valid  for  frequencies  >  2  MHz.  in  the  E  and  F  regions. 


with 


and 


2X(1  -  X) 


Yt’  ± 

VY/  +  4(1 

-  X)=  Yl' 

(10.6) 

Y,..t  = 

e  B,  .t 

2iTm  f 

(10.7) 

e  B 

fn 

2iTm 

(10.8) 

where  f,,  is  the  gyrofrequency.  the  natural  frequency  at 
which  free  electrons  circle  around  the  magnetic  f  eld  lines. 
B[  ,T  are  the  components  of  the  magnetic  field  in  the  direction 
of  (/ongitudinal)  or  perpendicular  to  (transverse)  the  wave 
normal.  Inserting  the  constants  into  Equation  (iO.8)  leads 
to  the  useful  relation  for  the  gyrofrequency 

f„  =  2.8  X  10^  B.  (10.9) 

where  fn  is  in  MHz  and  B  in  gauss '  I  gauss  =  10  tesla). 

The  refractive  index  given  in  Equation  (10.6)  shows, 
by  the  ±  solution  to  the  square  root,  that  in  a  magnetized 
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plasma  two  and  only  two  "characteristic"  waves  can  prop¬ 
agate.  These  two  characteristic  waves  are  called  the  ordinary 
or  o-component  and  the  extraordinary  or  x-corponent  seen 
in  the  ionogram  shown  in  Figure  10-1.  A  radio  wave  with 
arbitrary  (often  linear)  fKilari/ation  will  split  in  the  iono¬ 
spheric  medium  into  two  characteristic  or  o-and  x-compo- 
nents,  which  in  general  propagate  independently. 

The  reflection  condition  |x  -  0  gives  two  solutions  for 
X;  for  the  -t-  sign  (o-component) 

X  =  I  (H  .10) 

as  in  the  no-field  case.  Equation  (10.3);  for  the  -  sign  (x- 
component) 

X  =  1  -  Y.  (10.11) 


detailed  discussion  see  Davies  |l%6|  and  Chapter  10  of 
Budden  |1%I|. 

As  a  result,  the  actual  reflection  height  h  is  smaller  than 
the  so-called  virtual  height  h',  which  is  derived,  assuming 
propagation  in  the  medium  with  the  speed  of  light  from 

h'  =  Y  (10.15) 

with  t  the  round  trip  travel  time  of  the  pulse.  Or  since 

u  <  c.,;  (10.16) 

then 

h'>h.  (10.17) 


At  the  reflection  level  for  the  0-comp<inent  the  plasma  fre¬ 
quency  equals  the  probing  frequency.  I's  =  f.  The  x-com- 
ponent  is  reflected  at  a  lower  level  that  depends  on  the  kK'al 
magnetic  field  strength.  It  can  be  shown  that  the  critical 
frequencies  fo  and  fx',  for  fo  s>  fn.  are  related  by 


As  stated  before,  one  of  the  main  objectives  of  ionospheric 
sounding  is  the  deteiminatioi:  of  h(f).  which  through  the 
relation  between  f  and  N^..  Equations  ( 10.3)  and  ( 10.4)  rep¬ 
resents  the  desired  function  N^.lh).  Since  the  group  travel 
time  is 


(10.12) 


that  is.  the  magneto-ionic  splitting  (due  to  the  presence  of 
the  magnetic  field  in  the  ionospheric  plasma)  depends  on 
the  local  magnetic  field  strength  and  therefore  varies,  from 
station  to  station.  For  a  typical  midlatitudc  station,  B  =  0.5G 
and  from  Equation  (10.9)  we  determine  fn  =  1.4  MHz. 
leading  to  the  fo-fx  separation  of  —0.7  MHz  seen  in  Figure 
10-1.  A  solu.ion  X  =  I  -f  Y  exists  for  frequencies  below 
the  gyrofrequency  tji.  For  details  see  Davies  1I966|. 

Using  ionograms  to  determine  the  true  height  electron 
density  profile  N,.(h)  is  further  complicated  by  the  slowing- 
down  effect  that  the  ionization  below  the  reflection  level 
has  on  the  group  vehKity  of  the  pulse.  While  the  phase 
vekvity  v  of  the  wave  is 


it  can  be  shown  that  the  group  vckx-ity  u.  defined  as  the 
propagation  vekreity  of  the  pulse  envelope.,  is  given  for  the 
no-magnetic  field  case  by 

u  =  =  ^(h.Oc,..  (10.14) 

p.  (h.l) 


where  p'(h.f)  is  the  group  refractive  index.  Therefore,  while 
the  phase  vekK'ity  increases  above  the  speed  of  light  in  a 
plasma  .  the  group  velocity,  the  velocity  at  which  the  energy 
propaga''s.  slows  down  (p  <  I  in  a  plasma).  Fair  a  more 


2  f''dz  2  f-  _ 

t  =  -  I  —  =  -  I  P  dz. 
e..  J»  p  c.,  Jo 


(10.18) 


the  virtual  height  is  related  to  the  group  refractive  index  by 

rhd) 

h'lf)  =  J  p' IWz).  n  dz.  (10.19) 

If  the  electron  density  N,.(h)  is  considered  as  a  function  of 
the  height  h  abxive  the  ground,  p'  is  also  a  function  of  h 
and  the  problem  is  now  to  solve  the  integral  equation  ( 10. 19). 
for  given  values  of  h’(f)  obtained  f-om  the  ionogram.  The 
techniques  used  to  solve  this  equation  arc  known  as  true 
height  analysis  for  which  in  general  numerical  methods  are 
used;  they  are  discussed  in  detail  in  a  1967  special  issue  of 
Radio  Scu'iwe. 


10.1.1.3  Analog  lonosonde.  The  general' principle  of  an 
ionospheric  pulse  sounder  is  shown  in  Figure  10-2  | Rawer 
and  Suchy..  I967|.  A  superheterodyne  technique  is  used  to 
bo(h  generate  the  transmitted  pulse  of  frequency  f  j  and  to 
mix  the  received  signals  back  to  an  intermediate  frequency 
or  IF  for  further  amplification.  Tuning  the  receiver  mixer 
stage  so  that  its  output  frequency  is  equal  to  the  frequency 
of  the  fixed  frequency  (pulsed)  oscillator  Ij..  and  using  a 
common  variable  kx-al  oscillator  f„.  ensures  that  the  receiver 
and  transmitter  are  automatically  tuned  for  every  value  of 
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the  oscillator  iretiuetcy  f.,.  The  tran,^mit  pulse  is  amplified 
in  one  or  several  p').»er  stages  and  transmitted,  using  a 
suitable  wide-ban  I  a.stenna  with  a  vertical  radiation  pattern. 
The  same  antenna  can  be  used  for  reception  using  either  a 
iap  (voltage  divider)  of  the  transmitter  tank  circuit  or  a 
Transmit/Receive  orT/R  switch,  which  protects  the  receiver 
input  from  overloading  during  transmission  of  the  pulse, 
especially  problematic  for  transistorized  rceivers.  More  re¬ 
cently  separate  antennas  for  transmission  and  reception  have 
become  commonplace.  This  permits  the  use  of  smalle’'  and 
therefore  less  costly  receiver  antennas  in  phased  arrays  for 
angic-of-arrival  measurements  and  as  polarized  antennas  for 
polarization  or  mode  identification  |Bib!  and  Reinisch. 
i978a.b;  Wright  and  Pitteway.  19791. 

The  received  signals  are  mixed  down  (or  up)  to  die 
intermediate  frequency  and  amplified  in  an  IF  amplifier,  that 
is  matched  in  bandwidth  to  the  pulse  width  (overall  bandwith 
B  =  I/P.  with  P  the  width  of  the  transmitted  pulse).  After 
detection  and  amplifica'ion.  the  video  signal  modulates  the 
intensity  of  the  CRTs  electron  beam  (Z-axis  modulation). 
Deflecting  the  beam  in  the  Y-axis  with  a  sawtooth  voltage 


in  synchronism  with  the  transmission  awd  pulling  a  film 
slowly  in  the  dire.’tion  of  the  X-axis  in  the  focal  plane  of 
an  imaging  optic  results  in  an  ionogram  recording  such  as 
that  shown  in  Figure  10-1.  .Since  sounders  based  on  the 
general  concepts  shown  in  Figure. 10-2  rely  completely  on 
analog  techniques  for  signal  generation,  reception,  and  pro¬ 
cessing.  they  have  more  recently  become  known  as  analog 
sounders,  in  contrast  to  the  digital  sounders  developed  in 
several  places  during  the  last  decade.  Analog  sounders  are 
still  operated  at  many  ionospheric  observatories,  especially 
the  well-known  C.)  and  C4  ionosondes.  which  were  devel¬ 
oped  by  NBS  and  which  were  distributed  worldwide  as  the 
primary  ionosondc  for  the  International  Geophysical  Year 
.I9.V/758. 


10-1.1.4  Analog/Digital  Hybrid  lonosonde.  While  ver¬ 
tical  sounding  with  the  transmitter  and  receiver  and  thpir 
respective  antennas  collocated  made  synchronization  of 
transmitter  and  receiver  relatively  easy,  a  much  more  de- 
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munding  (avk  am'>e  when  inve^tigaiors  alicmpted  to  sound 
ihc  ionos;  here  o\er  paths  of  varying  distanees  to  determine 
lii  If..  ..  straciure  and  the  propagation  eonditions  vlireetly. 

It  tlie  transmitted  signal  is  lO  be  rceeived  within  the 
reecivei  bandw  idth.  the  system:  must  be  started  at  a  precise 
time,  and  must  have  perfectly  aligned  frequency  scans.  This 
was  achie'  ed  using  linear  frequency  scans  and  synchronous 
motor  drives,  which  derived  their  A/C  voltage  from  erysial 
ostillators  (Bibl.  I‘)6!f|.  A  large  step  forward  was  the  de¬ 
velopment  of  frequency  stepping  sounders  such  as  the  Gran¬ 
ger  Path  .Sounder  jGowell  and  Whidden.  I%K|  which  com¬ 
bined  digital  and  analog  lechniques.  Digital  techniques 
generated  lonograms  by  stepping  synthesi/er/transmitter  and 
receiver  through  the  desired  frequency  range,  providing  se¬ 
lectable  frequency  spacing  (for  example.  25.  50.  or  100 
kHz.  linear  or  linear  over  wtave  hands).  The  frequency 
synthesis  itself  and  the  data  prcKessing/recording  howev..r. 
used  the  standard  analog  techniques.  All  digital  and  hybrid 
pulse  s(vunders  currently  available  use  these  frequency  step¬ 
ping  techniques. 

10. 1.1.5  Digital  lonosonde.  The  rapid  development  of 
integrated  circuits.  micropriKcssors  and  especially  Read- 
Only-Memories.  and  of  inexpensive  storage  of  large  ca¬ 
pacity.  has  led  to  the  development  of  digital  itvnospheric 
sounders.  These  systems  hav'  some  analog  components, 
but  use  digital  techniques  for  frequency  synthesis,  receiver 
tuning,  signal  prcKcssing.  recording;  and  displaying  of  the 
ionograms.  Hovyever.  to  the  modem  sounder,  the  digital 
control  of  all  sounder  functions,  the  ability  to  digitally  con¬ 
trol  the  antenna  configuration,  and  above  all.  the  immense 
p<iwcr  <'f  digital  real  time  prtKessing  v<f  the  data  prior  to 
recording  o-.  magnetic  tape  or  printing  w  ith  digital  printers 
arc  of  special  impcirtance. 

A  digital  amplitude  ionogram.  recorded  by  a  Digisonde 
128  PS  at  the  .Af-GL  Gviose  Bay  Ionospheric  Observatory 
is  shown  in  Figure  I  ()-.■<.  This  system  developed  at  the  Uni¬ 
versity  of  Liwell  IBibI  and  Reinisch.  1978a. bj  uses  phase 
taxiing,  spectral  integration,  fxilari/ed  receive  antennas  for 
o/x  component  identiticatiiin.  and  fixed  angle  U’am  steering 
of  the  receive  antenna  array  for  coarse  angle  of  arrival  mcas- 
uamicnts  to  provide  a  rather  complete  dc'cription  of  the 
properties  and  origin  of  the  reflected  echix’s.  Using  a  stan¬ 
dard  set  of  128  range  bins  for  each  frequency,  the  sounder 
integrates  the  sampled  receiver  output  signals  for  a  select¬ 
able  number  of  integrations,  improving  the  signal-to-noise 
ratio  and  providiiig  the  samples  for  spectral  analysis.  Since 
ftvr  each  frequency -range-bin  or  FRB  only  one  return  is 
recorded,  a  search  algorithm  determines  from  the  set  of 
separate  signals  (o.  x.  several  antenna  directions.  Doppler 
lines)  the  signal  with  the  largest  amplitude  and  retain:  am¬ 
plitude  and  S  TATUS,  that  is.  special  signal  characteristics. 
Using  a  special  font  (Patcn.iudc  et  al..  197.t|.  the  resulting 
digital  amplitudes  arc  printed  oi|t  providing  the  analog  pre¬ 
sentation  essential  for  the  recognition  of  the  detailed  stme- 


ture  of  an  ionogram  trace  simultaneously  with  the  digital 
infomiation.  PrepriKcssing  has  largely  eliminated  the  noise 
background.  The  bottom  part  of  Figure  10-.^  shows  a  digital 
amplitude  ionogram.  represented  by  all  amplitudes  abtive  a 
noise  level  determined  automatically  and  separately  for  each 
frequency.  The  noise  level  on  each  frequency  can  be  esti¬ 
mated.  since  the  unmodified  signals  of  the  lowest  four  height 
bins  are  shown  at  the  bottom  of  the  ionogram.  The  displayed 
range  starts  at  60  km  and  in  128  height  increments  with  a 
A  =  5  km  covers  the  range  to  695  km.  Each  frequency 
step  is  in  100  kHz.  which  covers  the  range  from  (nominally) 
0  to  13  MHz  in  1.30  frequency  steps,  lonograms  of  this  type 
ear.  be  prvxluced  in  between  30  s  and  2  min.  depending  on 
the  conmlexity  of  signal  characterization  selected.  The  num¬ 
ber  of  integrations  required  to  achieve  an  acceptable  signal- 
to-noise  ratio,  and  the  desired  spectral  resolution  of  the 
Dop|)ler  measuremcnis  also  affect  the  duration  of  the  ion¬ 
ogram  sweep.  The  ionogram  i.v  similar  in  structure  to  the 
daytime  ionogram  in  Figure  10-1.  showing  clearly  an 
E-trace  (foE  =  3.25  MHz),  an  Fl-cuvp  (‘'nPI  --  5.0  MHz). 
and  the  F2  trace  (foF2  =  8.2  MHz).  The  top  part  of  tne 
figure  was  produced  by  printing  only  those  amplitudes  which 
had  a  STATUS  indicating  o-polarization.  vertical  signals, 
only.  The  resulting  suppression  of  the  x-eomponent  and  of 
the  (obliquely  received)  noise  shows  the  effectiveness  of 
these  techniques. 

The  digital  “HF  Tadar  System"  developed  at  NOAA. 
Boulder.  Colorado  (Grubb.  1979]  is  an  ionospheric  sounder, 
built  around  a  minicomputer.  Appropriate  software  allows 
freedom  in  generating  the  transmit  signal  phase  coding  and 
sequence,  and  in  prtK'essing  procedures.  However,  iu.  'ojc- 
tion  execution  times  of  the  minicomputer  limit  this  flexi 
bility.  The  sounder  with  its  present  software  uses  an  echo 
detection  scheme  rather  than  a  fixed  FRB  grid  to  obtain  the 
information  on  the  ionospheric  returns.  This  scheme  re¬ 
quires  that  the  return  has  to  be  identified  beforehand,  gen¬ 
erally  using  a  .selectable  level  above  the  noise,  and  an  "a 
hits  out  of  b  samples"  criterion.  This  system,  by  *he  use  of 
a  receive  ar'enna  array,  then  determines  on-line  for  this 
initially  identified  return,  the  echo  amplitude,  its  txvlariza- 
tion.  Doppler  shift,  and  reilector  ItKation  (Wright  and  Pitte- 
way.  I979(. 

The  spectral  information  available  in  digital  ionograms 
has  been  used  to  track  moving  irregularities  in  the  equatorial 
(Weber  et  al..  19821  and  polar  ionosphere  (Buchau  et  al.. 
1983',.  An  example  of  a  Doppler  ionogiam  recorded  in  the 
polar  cap  is  shown  in  Figure  10-4.  The  right  lower  panel 
shows  a  heavily  spread  amplitude  ionogram  and  superim-  . 
pvssed  two  oblique  backscatter  traces.  The  right  upper  panel 
shows  the  Status  or  D>ippler  ionogram:  each  FRB  displays 
the  Doppler  bin  number  instead  of  an  amplitude.  FRB's 
with  an  amplitude  below  an  automatically  determined  noise 
level  show  neither  ampliiude  nor  status.  Separating  the  ion¬ 
ogram  into  positive  and  negative  Doppler  ionograms  permits 
the  identification  and  subsequent  tracking  of  approaching 
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Figure  1()*3  Digitul  daylimc  ampliiudc  ioniigram  recordc<t  by  a  DigiMwdc  I28PS  at  the  AFGL  GtH>se  Bay  Ionospheric  Obsersatory  16  June  1720 
AST.  Coarse  angle  of  arrival  and  ptilarbation  inf(>rmation  is  used  to  separate  the  vertical  ordinary  trace  shown  in  the  upper  part  of  the  figure. 
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f'ttfun:  10*4.  Ampltiudc/Niuliis  ionoprani  lakcn  bs  (he  Af'CU.  aiftn^rne  ionospheric  obscrvaiorN  with  a  Digisondr  PXPS  at  Thule.  Gn;enland  9  December 
2231  (IT).  The  lo'Acr  right  panel  shows  the  amplitude  hmogram  after  removal  of  radii>  m>lsc.  The  Di>ppler  ii>nogram  shown  in  the  upper 
right  panel  is  pnxluced  b\  a'ptacing  each  amplitude  in  the  ion<»gram  below  with  a  number  apreseniing  the  measumd  Dt>ppler  shift.  Ihc 
separation  into  ptisitivc  and  negative  Doppler  traces  (approaching  and  receding  reflection  regions)  is  shown  in  the  two  panels  on  the  left. 


(traces  marked  B  and  C)  and  receding  (trace  marked  A) 
rettecting  or  scattering  centers.  The  overhead  trace  (ver>’ 
low  Doppler)  is  marked  0. 

10. 1.1.6  Digital  Data  Processing.  The  av.<i!ahilily  of 
ionograms  in  digital  form  has  finally  provided  the  basis  for 
successful  automatic  prcKcssing  of  these  complex  data.  Real 
time  monitoring  fBuchau  et  al,,  I97S|,  sur\ey  of  large  data 
bases  IReinisch  et  al..  19S2a|,  real  time  analysis  of  iono¬ 
spheric  parameters  (Reinisch  et  al,.  1982b|.  autom.ilit  trace 
identification  and  true  height  analysis  IReinisch  and  Xue- 
quin.  1982.  I98.t|  have  been  made  possible  by  the  availa¬ 
bility  of  data  in  digital  fomi.  .Analysis  concepts  for  anglc- 
of-arrival  determination  and  other  paraiiKtcrs  for  the 
NO.A.A'SFl:  digital  sounder  have  K'en  presented  by  Wright 
and  Piticway  |I982|  and  hy  Paul  |I982|. 

An  example  of  a  data  survey  presentation  using  digital 
ionosonde  data  from  Goose  Bay  is  shown  in  Figure  10-5. 
The  top  row  shows  the  integrated  height  ch.iraetcristic. 
obtained  by  eol'apsing  eaeh  ionogram  onto  it';  height  axis-. 
This  charaeterivtie  provides  the  hist.iry  o(  F  and  F  layer 
(minimum)  heigh!  variations  over  the  course  of  three  days. 
The  middle  panel  shows  the  temporal  changes  of  the  Flayer 
returns,  with  the  lower  envelope  determined  by  foH  (day¬ 
time)  or  fmin  (nighttime),  while  the  upper  envelope  is  de¬ 
termined  generally  hy  foF2.  The  bottom  panel  representing 


the  frequency  extent  of  E  and  Es  traces  shows  the  typical 
cosXlX  =  solar  zenith  angle)  pattern  of  the  solar  E-layer, 
maximizing  at  nwn.  Sporadic  E  events  observed  on  all  three 
nights  are  typically  observed  at  these  high  latitudes  during 
auroral  storms  |Buchau  et  al..  I978|. 

10.1.1.7  FM/CW  or  Chirp  Sounder.  The  availability 
of  very  linear  sweep-frequency  synthesizers  resulted  in  the 
development  of  FM/CW  (frequency  modulated  continuous 
Wave)  or  Chirp  Sounders,  initially  for  oblique  incidence  and 
in  the  |97()s  also  for  momrsiatic  vertical  incidence  sounding 
IBarry.  1971 1.  A  linear  waveform  with  the  constant  sweep 
rate  df/dt  is  transmitted.  Receiving  the  w  aveform  after  prop¬ 
agation  to  the  ionosphere  and  back  and  measuring  the  time 
delay  of  each  frequency  component  against  the  original 
waveform  pcmiits  the  determination  of  the  travel  lime  as  a 
function  of  frequency.  This  is  actually  done  by  mixing  the 
received  wavefomi  with  the  original,  resulting  in  a  differ¬ 
ence  frequency  w  hich  can  N.'  measured  by  spectrum  anal¬ 
ysis,  The  difference  frequency  as  a  function  of  frequency 
(the  "Chirp")  is  prop<mional  to  the  travel  time  of  the  signal 
as  a  function  of  frequency;  therefore,  a  graph  of  the  dif¬ 
ference  frequency  as  a  function  of  time  or  transmitted  fre¬ 
quency.  through  the  known  sweep  rate  df/dt.  fonns  an  ion- 
(^lam.  Wliile  initially  transmitter  and  receiver  were  separated 
by  a  substantial  distance,  to  avoid  overloading  of  the  re- 
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hii!urc  ^  fcrtoNjihcru  whjrjv'tcrt^iu^  'sp.innnti:  three  prrHliieed  !ri*in  theital  MMU'eranis  reetrrded  at  (iiHtve  Ba\  hi  \pnl  Plstl  rtie  inteerated 
heietil  ehar.ieteriNiie  th-;  dvnamtv  ehaitee'*  *»l  the  Miiniiiitiiti  heieht  ot  ttie  I-  Ja\er  and  the  appearanee  nt  the  ^dat  aiut  'paaiit*.  I  laNerv 

The  I-  and  h.  frertttenei  ehtitaeteriNtiev  Nhew  the  diurnal  \ariahilit\  i»t  the*Ne'  taver*  ae  well  a**  eitdenee  of  sonv  auntal  eeentv 


ceivers  with  the  unwarned  direct  sienal.  a  monosiatie  nvmcih 
was  developed,  iisinc  a  T'R  switch  and  a  quasi-random 
interruption  of  the  linear  wavelomi  transmission  The  main 
advantage  ot  the  FM'CW  scstem  is  the  verv  narrow  instan¬ 
taneous  handw tilth  of  the  transmitted  signal,  allowing  a 
similarK  narrow  receiver  bandwidth  (nominal  IIKI  11/  at 


sweeprales  of  20  kHz  si.  Thie  bandwidth  is  further  reduced 
b\  spectrum  analysis  to  an  effective  bandwidth  ol  the  order 
of  III/.' 

•Mihough  the  digital  iniegrat.on  and  spectra'  aralvsp 
Used  in  the  imviern  digital  puKcd  lonosondcs  decreases  "he 
effective  bandwidth  of  a  pulse  receiver  signilicanilv  (bv  a 
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Figure  lO-fi  FMTW  ur  chirp-oWiquc  propagation  ionogram  over  a  24<)0  km  path  Transmitted  from  an  aircraft  over  the  Notlh  Atlantic  and  recorded  at 
a  receiver  site  in  Maine  ' 


factor  hciwcon  10  and  OKI.  depending  on  the  integration 
time  and  priKCvsing  prtK-edua'sl  fmm  the  original  20  kHz 
bandwidth  lor  a  tvpical  50  tis  pulse  and  makes  the  actual 
signal-lo-noisc  ratio  comparahic  to  that  of  a  chirp  sounder, 
the  KM  'C'W  system  allows  a  substantial  reduction  of  the 
peak  power  of  the  transmission  («xhI  FM/CW  ionograms 
have  been  obtained  w  ith  transmit  power  as  low  as  I W  (CW). 
The  FM'CNk  system  is  detimtely  a  gotid  solution  for  the 
already  sirainetl  iKcupancy  of  the  HF  spectrum.  However, 
several  drawbacks  have  limitcti  its  application  as  a  vertical 
sounder,  motion  of  the  reflecting  region  imposes  a  I>»ppler 
shift,  which  intriHluces  range  errors  that  are  intolerable  un¬ 
der  arctic  conditions  The  important  l>»ppler  shift  of  the 
echoes  cannot  be  obtained  However,  due  to  their  low  trans¬ 
mit  power  .ind  su(X'rior  .S'N  characteristics,  many  FM/CW 
sy  stems  are  used  as  backscatter  sounders  and  as  oblique 
incidence  or  propagation  sounders.  A  typi''al  propagation 
ionogram  showing  extensive  multihop  structure  is  shown  in 
Figure  Ill-tv  The  ionogram  w.is  obtained  over  a  24(ill  km 
path  with  the  transmitter  livated  on  board  an  aircraft  and 
the  recener  livaied  at  the  AF  OI  H-B  radar  site  at  Columbia 
Falls.  Maine.  ISA 

io.l.1.8  Topside  .Sounders.  Shiirtly  after  the  onset  of 
the  satellite  era.  an  ionospheric  topside  sounder  satellite. 


Alouettc  I.  was  launched  into  space  t>n  29  September  1962. 
Since  then  a  series  of  follow-on  improved  Uipside  sounders 
were  launchet*.  either  as  orbiting  iomtspheric  sounders  (Al- 
out-e  II.  1965)  or  integrated  with  a  complement  of  in  xitu 
measuring  geophysical  instruments,  (ISIS  I.  1969  and  ISIS 
II.  1971).  For  details  on  these  sounders  sec  Franklin  and 
MacUan  I  I969t. 

Since  gnmndbased  ionosotvlcs  obtain  ionospheric  echoes 
only  up  to  the  peak  t>f  the  layer  w  ith  the  highest  electron 
density  (generally  the  F2  jayer),  knowledge  about  the  top¬ 
side  Umosphere  was  based  or.  theory  ,  the  tew  incirhercnt 
scatter  facilities,  and  sporadic  high-alliiuile  nK'ket  flights. 
The  lopsule  sounilers  therefi'R’  tilled  a  gap  m  the  techniques 
available  to  measure  (he  global  ionosphere  in  its  entirety. 
During  the  approximately  15  years  that  these  topside  soun¬ 
ders  have  provided  continuous  data,  the  many  millions  of 
ionograms  that  have  been  accumulated  have  contributed 
substantially  to  our  picture  of  the  global  ionosphere  |Chan 
and  Colin.  I')69;  Thomas  and  Rycroft.  I970|  and  of  its 
subregions,  such  as  the  high- latitude  ionosphere  IJelly  and 
Petrie. '  1969;  Thomas  and  .Andrews.  I96S|.  the  F  rngitui 
m>ugh  IMuldrew.  J965.  Pike.  1976).  and  the  equatorial 
ionosphere  IFccles  and  King.  I969|  The  topside  sounder 
provides  an  h'f  trace  fn>m  the  satellite  altitude  down  to  the 
peak  of  the  F‘  lay  er  (except  for  tht'se  rare  (Kcasions  whea’ 
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DAY  319  ( 15  NOVEMBER  1962  )  0731  /lO  GMT  ( I38*E  ,  30*S ) 
SATELLITE  HEIGHT  1011  Km 


hi^uro  1(1-7  An  .Al<>*ict(c  I  nipsidc  iitn4)j:raitt  tllu^traltng  /-.  0*  and  X-^^avc  Irates.  t:ul*>ffv.  rcMtnance  sptkcv.  and  cartli  ccHivs 


»(  louvr  la\ers  cxccoils  the  inaxinitKii  density  of 
the  K2-la\er».  A  tvpieal  lopsulo  ionoerani  i  >  shown  in  Hgure 
10-7  Iron;  the  I  RSI  Hoiulhnok  of  hmuvnim  hiifrpiviiiiioii 
unit  Ri  Jiirnim  |r  \(i-2.l.  |072!.  A  unique  phenomenon 
ohserxx'd  in  topside  lonoerams  are  the  ionospheric  resonance 
spikes  due  to  the  excitation  of  the  ambient  plasma  by  the 
transmissM>ns.  Hk'  most  ireqiientlx  obseixed  resonance  spikes 
ixvur  at  the  (hx-ali  plasma  frequency  fv.  at  the  lixal  gy- 
rofrequency  l,|  dalx'led  h,  in  Figure  ll)-7i.  at  the  hybrid 
frcqtiencx 

f,  -^  \  fC””'f|,  (I0.:0) 

and  at  certain  harmonics  Of  these  ircquencics  lllaei;  et  al  . 
IW>| 

Many  of  the  rcl'ercnccs  yoen  here  and  a  larec  amount 
of  further  material  can  be  found  in  ihe  special  issue  ,>n 
topside  soiindine  oi  the  f’/vn  <■<  i/nie'  <>l  thf  |  IW>|. 

10.1.1.9  Inr.OKrani  Interpretation.  1  he  K-hioior  of  the 
ionosphere  is  often  \erv  dMiamic.  fhis  tact  and  Ihe  laree 
ranee  ot  electron  densities.  o\cr  which  the  ionc.sphcric  las¬ 
ers  chanee  from  das  to  das ,  from  das  to  niehl,  sstih  season 
and  ssith  solar  cycle  result  in  a  laree  sariels  of  lonoerains 
I  here  are  alsi<  exirenic  dilfcrences  in  ionospheric  s  anations 
and  siriicturcs  from  the  equators  to  the  poles  and  in  the 
reeular  or  sisoradic  appearance  and  disap|Karance  ot  the 
lower  lasers  Dxhamic  effects  that  sh.qx  the  protile  atone 
Ihe  ras  path  and  speeiticalis  in  the  s  icinils  of  the  reflection 
reeion  also  affect  the  croup  .Idas  al  each  frequencs  and 


theredore  the  linal  appearance  of  Ihe  h'firace.  This  trace 
is  sometimes  further  cornplicated  by  ionospheric  irregu¬ 
larities  and  oblique  returns.  All  these  factors  combined  en¬ 
sure  an  incredible  variety  of  ionograms  To  capture  their  geo¬ 
physically  significant  parameters,  a  large  number  of  rules 
and  definitions  have  evolved  over  the  decades,  which  after 
acceptance  by  the  International  Radio  .Science  I’nion  (I'RSh 
have  been  published  as  the  VRSl  Hmulhoitk  of  hmoi'ram 
Interprcuiiiim  ami  Rcdiiclioii.  |l’A(i-2.^.  1972)  governing 
the  analysis  of  ionograms  at  all  ionospheric  stations. 
This  set  of  rules,  resulting  from  the  still  continuing  or  ter¬ 
minated  operation  of  more  than  .MX)  ionosonde  stations 
distributed  over  the, whole  globe,  has  print  iced  a  rather  uni- 
fonn  analsved  data  base  w  hich  is  aahived  at  the  World  Data 
('enters  for  Solar  Terrestrial  Research  located  at  Boulder. 
Colorado  IWIX'  At.  l/’iniran.  I'.SSR  tWIX'  B).  Tokyo. 
Japan  (\\  IX'  Cl  I  and  Slough.  I'K  tWIX'  C2l.  With  some 
exceptions,  ihc  indisidual  world  data  centers  store  data  orig¬ 
inating  in  their  respective  regions.  WIX'  .A  stores  the  data 
from  Ihe  western  hemisphere  and  also  data  from  France  and 
India. 

'  To  provide  spi-eial  instructions  for  the  analysis  of  the 
exircmcis  complex  lonognims  from  high  latitude  stations, 
a  Hivh  I  iiiiiiiiU  Siipph  i'u  n/  lo  ihi'  CRSI  Hiiiulhon'k  on  Ion 
ogrimi  Inurproliiuon  tniil  Riilin  tion  has  been  published 
|t  .A(i  xO.  I‘>7.s|, 

For  s[vcial  resc.irch  cllorts.  it  is  olien  esscnli.il  to  go 
back  lo  the  source  data.  Ihe  ionospheric  lilms  of  a  spccilic 
stalioriisi  For  the  western  hemisphere,  these  tilins  arc  sioreil 
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at  the  World  pata  Center  A  for  Solar  Terrestrial  Physics. 
NOAA/NGSDC.  Boulder.  Colorado.  A  Cuhiloiiue  of  Ion¬ 
osphere  Soioulini’s  Dam  lUAG-S.S.  19821  provides  access 
to  this  data  base,  which  spans  the  pcriinl  IVom  1930  through 
today.  The  longest  and  still  continuing  operation  of  an  itv 
nosonde  station  started  at  Slough.  UK  in  January  1930. 
Continuous  operation  starting  befi^re  1940  is  still  ongoing 
at  Canberra,  Australia  ( 1937);  Heiss  Island.  USSR  (1938); 
Huancayo.  Peru  ( 1937);  Leningrad.  USSR  ( 1939);  Tomsk. 
USSR  (1937);  and  Tromso,  Norway  (1932). 

To  provide  an  overview-  of  some  of  the  more  important 
ionospheric  parameters  that  can  be  derived  from  an  lono- 
gram  and  intoxluce  their  geophysical  meaning,  two  iono- 
grams  are  provided  in  the  form  of  a  sketch  (Figure  10-8). 
and  the  parameters  are  identified.  Both  ionograms  depict 
the  same  ionospheric  conditions  (taken  from  Figure  lO-l) 
with  the  exception  of  an  Es  layer  that  can  suddenly  appear, 
possibly  as  the  result  of  a  windshear  at  E  layer  heights.  This 
Es  layer  can  obscure  parts  of  the  trace  from  reflections  at 
higher  regions  of  the  ionosphere.  A  list  of  parameters  and 
tf.eir  identification  and  interpretation  is  provided  here  as  a 
general  reference  and  not  as  a  guide  for  ionoeram  analysis. 
F;>r  detailed  instmetions  in  the  evaluation  of  ionograms  please 
refer  to  the  i'RSI  HaiulhHiks  UAa-2J  and  UAC-SO. 
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,  Figure  10>K.  Line  sketch  of  daytime  ionogram  shows  definition  of  im¬ 
portant  ionogram  parameters. 


Parameter 


Meaning/C omments 


a)  Critical  and  characteristic  frequencies 

foF2  F2  layer  ordinary  wave  critical  frequency.  A  measure  of  the  maximum  density  Ne^jx  of  this 

layer  |see  Equation  (10,5)1. 

fxF2  F2  layer  extraordinary  wave  critical  frequency.  Can  be  used  to  infer  foF2  using  Equation  (10.12) 

if  foF2  is  obscured  by  interference. 


FI  layer  ordinary  wave  critical  frequency.  This  layer  is  often  smoothly  merging  with  the  F2  layer 
resulting  in  the  absence  of  a  distinct  cusp  and  in  difficulties  of  determining  the  exact  frequency 
(L  condition). 

solar  pnxiuced  E  layer  ordinary  wave  critical  frequency. 

Comment:  Extraordinary  wave  returns  exist  for  all  layers.  However,  absorption  of  the 
extraordinary  comp<ment  is  stronger  than  that  of  the  o-component  and  the  x-trace  of  the  E  layer 
is  rarely,  that  of  the  FI  layers  not  always  obsersed. 

Es  layer  blai. Acting  frequency.  Returns  from  higher  layers  are  t>bscurcd  by  the  Es  layer  up  to  this 
frequency .  This  frequency  correspmds  closely  to  the  maximum  plasma  density  in  the  (thin)  Es- 
layer  (Reddy  and  Ra»i.  I968|. 

Highest  frequency  at  which  a  continuous  Es  trace  is  observed. 


foEs  can  N-  inferred,  applying  Equation  (10.12).  If  IbHs  <  foEs.  the  layer  is  semitranspaamt.  Es 
and  hightr  layers  are  both  observable.  The  determination  of  foils  and  fxEs  for  all  cases  is  subject 
to  „  complex  set  of  rules  beyond  the  scope  of  this  outline  (see  URSI  Handbrxrk  on  hrnogram 
Interpretation).  MtHlcrn  Sounders,  using  polarized  receive  antennas,  permit  unambiguous  foEs 
determination. 
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Parameter  Meaning/Commenis 

fmin  Minimuni  frequency  at  which  returns  are  observed  on  the  ionogram.  Since  radio  wave  energy  is 

absorbed  in  the  D  region  according  to  an  inverse  square  law  (Absorption  -  l/f’),  the  variation  of 
fmin  is  often  used  as  a  coarse  indicator  of  the  variation  of  D  region  ionization,  fmin  is  not  an 
absolute  value  (as  for  example  foF2).  but  depends  directly  on  the  transmitted  power  and  the 
antenna  gain.  Comparison  between  stations,  therefore,  can  be  only  qualitative.  ■ 

b)  Virtual  heights 

h'F  The  minimum  virtual  height  of  the  ordinary  wave  F  trace  taken  as  a  whole.  Due  to  the  effects  of 

imdeilying  ionization  and  profile  shape  on  the  travel  time  of  the  pulse,  these  minimum' virtual 
heights  are  only  useful  as  coarse  and  “relative"  height  classifiers  (high,  average,  or  iow  layer, 
compared  to  a  reference  day).  Tnie  height  analysis  must  be  made  to  give  more  meaningful  height 
parameters,  such  as  the  height  of  the  layer  maximum  (h„u,F2). 


h'F2 


h'E 

h’Es 


The  minimum  virtual  height  of  the  ordinary  wave  F2  layer  trace  during  the  daytime  presence  of 
the  FI  layer.  When  an  FI  layer  is  absent,  the  minimum  virtual  height  of  the  F2  layer  is  h'F. 
defined  above. 

The  minimum  virtual  height  of  the  normal  E  layer,  taken  as  a  whole. 

The  minimum  virtual  height  of  the  trace,  used  to  determine  foEs. 


hpF2  The  virtual  height  of  the  ordinary  wave  mixle  F  trace  at  the  frequency  0.834  x  foF2.  For  a 

single  parabolic  layer,  with  no  underlying  ionization  this  is  equal  to  the  height  of  the  maximum  of 
the  layer,  h„u,.  In  pra<'ticc  hpF2  is  usually  higher  than  the  true  height  of  the  layer  maximum. 
Useful  as  a  rough  estimator  of  h„„,  but  strongly  affected  by  a  low  foF2/foFI  ratio  (s  1.3). 

MUF(3(XX))F  '  A  set  of  “transmission  curves'"  [Davies.  1966  and  I969|  developed  for  a  selected  propagation  link 

distance  (t’.e  URSI  standard  is  .3(¥X)  km)  permit.s  the  determination  of  the  Afaximum  t/sable 
Frequency,  which  the  overhead  ittnosphere  will  permit  to  propagate  over  the  selected  distance. 
The  MUF  is  determined  from  the  estimated  transmission  curve  tangential  to  the  F-trace.  For  this 
ionogram  MUT(.3(XX))F  would  be  17.0  MHz. 


Ib.I.I.lO  lonosonde  Network.  E' cn  though  the  rou¬ 
tinely  operating  ionosondcs  forming  the  worldwide  network 
are  independent,  generally  operated  as  subchains  or  as  in¬ 
dividual  stations  by  national  or  private  organizations,  their 
operation  is  coordinated  by  the  “kmospheric  Network  Ad¬ 
visory  Group(INAG)“.  w  orking  under  the  auspices  of  Com¬ 
mission  G  (On  the  Ionosphere),  a  Working  Group  of  the 
International  Union  of  Radio  Science  (URSI).  INAG  pub¬ 
lishes  the  "Ionospheric  Station  Infoimation  Bulletin"  at  vary¬ 
ing  intervals.  The  Bulletin  provides  a  means  of  exchanging 
experiences  gained  at  the  various  ionospheric  stations,  dis¬ 
cusses  in  detail  difficult  ionograms  for  the  benefit  of  all 
participants,  and  disperses  information  on  new  systems,  new 
techniques,  special  events  (for  example,  eclipses),  relevant 
meetings,  and  general  network  news.  URSI's  International 
Digital  lonosonde  Group  (IDIG).  which  provides  a  forum 
for  the  discussion  of  standardization  proposals,  for  the  ex¬ 
change  of  software,  and  for  the  general  exchange  of  ex- 
perierces  with  these  rather  new  and  still  maturing  systems 


has  been  incorpo-eted  into  INAG  as  of  September  1984. 
The  INAG  bulletin  can  be  obtained  from  the  World  Data 
Center  A.  Boulder.  Colorado.  80.303. 

With  the  advent  of  mixlem  digital  ionttsondes  and  on¬ 
site  automated  privessing.  a  carefully  planned  network  of 
remotely  controllable  ionosondes  can  provide  ionospheric 
data  and  electron  density  profiles  to  a  control  Uvation  for 
real  time  monitoring  of  ionospheric  and  geophysical  con¬ 
ditions  Automat’c  oblique  propagation  measurements  be¬ 
tween  stations  of  the  link  can  increase  manyfold  the  number 
of  ionospheric  points  that  can  be  monitored.  Considerations 
for  the  deployment  of  a  mixlem  ionosonde  network  have 
recently  been  presented  by  Wright  and  Paul  |I98I|.  Op¬ 
erational  and  technical  infomiation  on  the  individual  stations 
of  the  world  wide  network  of  ionosondes,  as  well  as  their 
respective  affiliations  and  addresses,  are  available  in  the 
OirtTlDiy  of  Siiliir  Tcrn  strial  Phy.\i(  \  Monitoring  Stations 
[.Shea  et  al  .  I984|.  Figure  1(1-9.  taken  from  the  report  in 
preparation,  show  s  the  lix'ations  of  all  ionosondes  reported 
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as  operational  or  operatinj:  in  1984.  World  Data  Center  A 
Report.  LIACj-85.  lists  all  past  and  present  iomispheric  ob¬ 
servatories. 


10.1.2  Incoherent  Scatter 

J.J.  Thomson  (19061  .bowed  that  single  electrons  can 
scatter  electromagnetic  w  aves,  and  that  the  energy  scattered 
by  an  electnm  into  unit  solid  angle  per  unit  incident  flux  is 
given  by  (r,.  simtii’  where  r,.  is  the  classical  electron  radius 
<-  e’0,.m,.c’  ■=  2.82  x  10  m)  and «!;  is  the  polarization 
angle,  that  is.  the  angle  between  the  direction  of  the  incident 
electric  field  and  the  direction  of'  the  observer.  Thus  the 
radar  hackscatter  Hi)  =  17/2)  cross-section  of  a  single  elec¬ 
tron  will  be  (r,.  =  4iTrf.  Gordon  (I958|  first  proposed  thit 
by  the  use  of  a  p»)werful  radar  operating  it  .1  frequency 
f  ^  foF2  where  foF2  is  the  plasma  frequency  at  the  peak 
of  the  F2  layer,  the  backsiattered  power  from  the  electrons 
in  the  upper  atmosphere  should  be  detectable  The  meas¬ 
urement  of  scattered  power  and  its  characteristics  as  a  func¬ 
tion  of  altitude  was  expected  to  provide  a  measurement  of 
the  various  geophysical  parameters  both  in  the  bottomside 
and  the  topside  ionosphere.  Gordon  assumed  that  the  elec¬ 
trons  were  in  random  thermal  motion  of  the  same  type  as 
the  motion  evei  uted  by  neutral  partis.les  so  that  the  radar 
would  detect  scatte.Ing  fn>'ii  individual  electrons  that  arc 
ranvlom  in  phase  or  incoherent  fhis  is  known  as  incoherent 
scatter  or  Ihom^on  scatter  ilor  a  comprehensive  review, 
see  F.vans  1 1"(  '>|)  (iordon  calculated  llie  biRksiMiiered  power 
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per  unit  volume  to  be  Nir^..  where  N  is  the  electron  number 
density.  He  also  predicted  that  the  spectrum  of  the  scattered 
signal  will  be  Dcippicr  broadened  by  the  random  electron 
thermal  motion.  The  spectrum  of  the  scattered  signal  was 
expected  to  he  Gaussian  with  center  to  half-power  width  of 
0.7I  Af,  where  Af..  is  the  Doppler  shift  of  an  election  ap¬ 
proaching  the  r.idar  at  mean  thermal  speed  so  that 


where  X  is  the  radar  wavelength  (m).  k  is  Boltzmann's 
constant  f=  I.. 18  x  10 J/K).  T..  is  the  electron  temper¬ 
ature.  and  nv  is  the  mass  of  an  electron  (  =  9. !  x  10  ” 
kg».  At  a  wavelength  X  =  Im.andT..  =  1600  K.  0.71  Af^. 
=  200  kHz.  Sixm  after  Gordon  |I9.‘>8|  propo  ed  the  fea¬ 
sibility  of  the  incoherent  scatter  radar  experiment  to  stud  • 
the  upper  atmosphere,  Bowles  ||9.S8|'was  able  to  detect 
radar  echoes  from  the  ionosphere.  The  echiK's  resembled 
the  predicted  ionospheric  scatter  signal  except  that  the  band¬ 
width  of  the  signal  was  considerably  less  than  the  predicted 
value.  The  decrease  of  the  bandwidth  of  the  scatter  signals 
contributing  a  larger  signal  power  per  unit  bandwidth  ob¬ 
viously  made  it  easier  to  detect  the  signal.  Bowles  |I9.S8| 
correctly  surmised  tha*  the  presence  of  ions  causes  a  re¬ 
duction  of  the  bandwidth  of, the  scattered  signal.  Later  the- 
orei.cal  work  (icier.  '19N1:  IXuigherty  and  Farley.  196(1; 
.Salpeter.  BWSd;  Magfers.  1961 1  shewed  that  the  spectral 
fonn  of  the  scattered  signal  is  dictated  by  the  radar  wave- 
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length  in  relation  to  the  Debye  length  in  the  upper  atmo¬ 
sphere.  The  Debye  length  (D)  for  electrons  is  defined  as 

D  =  (e„  kT,y4iiN;)''- m  (IC.22) 

where  e.,  is  the  permittivity  of  free  space  (  =  8.85  x  10“'’ 
F/m).  e  is  the  charge  on  an  electron  (  =,  1.6  x  C),  k 
is  the  Boltzmann's  constant.  N^.  is  the  electron  density  (m  ’) 
and  Tj  is  the  electron  temperature  (K).  The  Debye  length 
for  the  electrons  in  the  ionosphere  is  typically  of  the  order 
of  1  cm  or  less  below  1000  km  and  it  is  not  possible  to 
sustain  organized  motion  at  scales  smaller  than  these  values. 

It  was  shown  that,  in  general,  the  spectrum  of  the  scat¬ 
tered  signal  consists  of  two  parts,  one  due  to  the  ions  and 
the  other  to  electrons.  If  the  radar  wavelength  is  much  smaller 
than  the  Debye  length,  the  scattered  energy  is  entirely  due 
to  the  electronic  component  and  the  initial  predictions  of 
Gordon  (19581  for  the  scattered  power  (NOc)  and  its  spec¬ 
trum  (Afc)  are  valid.  On  the  other  liand.  for  radar  wave¬ 
lengths  much  larger  than  the  Debye  length,  which  represents 
the  experimental  situation,  the  electronic  component  de¬ 
creases  and  appear  as  a  single  plasma  line  at  a  Doopler  shift 
approximately  equal  to  the  plasma  frequency  of  the  medium. 
Under  this  condition,  the  largest  part  of  the  scattered  energy 
resides  in  the  ionic  component  and  the  spectral  width  is 
controlled  by  the  Doppler  shift  Af,  for  an  ion  approaching 
the  radar  at  the  mean  thermal  speed  of  the  ions,  given  by 


Figun;  10-10.  The  variation  of  the  overal!  spectrum  for  different  values 
of  the  ratio  at  =4TrD/X).  The  Ion  has  been  assumed  O' . 
These  curves  assume  that  collisions  .^re  negligible  and  that 
T,  =  T,  IHagfors.  I%l|. 

is  encountered  in  the  ionosphere.  »he  total  scattering  cross- 
section  (tr)  m.'.y  approximately  be  given  by 


where  m,  is  the  mass  of  the  dominant  positive  ion  and  T,  is 
the  ion  temperature.  Considering  T-  =  T,.  and  the  dominant 
ion  to  be  O* .  Af,  =  2  X  10  ’  Af...  The  echo  energy  is. 
therefore,  mainly  concentrated  in  a  relatively  narrow  spec¬ 
tral  window  rendering  the  radar  investigation  feasible  with 
apparatus  of  much  lower  sensitivity  than  initially  envisaged. 
Figure  10-10  shows  how  the  spectral  shape  depends  on  a 
parameter  a  =  4itD/\  for  the  case  T^.  =  T,.  For  a  5?  10. 
the  scattered  energy  is  entirely  due  to  the  electronic  com¬ 
ponent.  whereas  for  very  small  values  of  a.  the  clectroni'- 
component  decreases  and  the  energy  appears  mainly  in  the 
ionic  component  with  a  much  smaller  bandwidth.  The  elec¬ 
tronic  component  now  appears  as  a  single  line,  known  as 
the  plasma  line,  at  a  Doppler  shift  approximately  equal  'o 
the  plasma  frequency  of  the  medium 

In  the  ionosphere,  the  electrons  and  the  ions  are  at  dif¬ 
ferent  temperatures  and  the  spectrum  of  the  ionic  component 
changes  for  different  values  of  the  ratio  T./T,  at  a  given 
value  of  a.  This  is  shown  in  Figure  10- 1 1  for  the  case 
a  -  0. 1  for  O  ‘  ions  which  illustrates  the  double-humped 
form  of  the  spectrum.  By  measuring  the  height  of  the  hump 
at  the  wing  relative  to  the  center  of  the  spectnu :  it  is 
possible  to  estimate  T../T,  and  the  total  scattering  cross- 
section  due  to  the  ionic  comfument  is  simpiv  obtained  from 
the  area  under  the  curves.  For  small  values  of  T,./T,.  w  hich 


(T  =■ - - .  (10.24) 

(I  -I-  a=)(l  1-  :|r  -f-  a-) 

•  I 

The  incoherent  scatter  radar  technique  opened  up  the 
possibility  of  in  situ  sampling  of  a  wide  range  of  upper 
atmospheric  parameters  by  the  use  of  a  prvwerful  ground- 
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based  radar  system  [Evans,  1069|.  The  most  obvious  meas¬ 
urement  is  the  electron  density  (N)  versus  altitude  (h)  prohle 
made  by  recording  the  variation  of  echo  power  as  a 
function  of  delay  by  using  a  vertically  directed  pulsed  radar. 
The  echo  power  is  given  by 


P.  =  C 


Nth)  o-th) 


JICAMARCA 
19  JUL  1962 

—  I430-I53S  EST 

—  (590  EST 

—  1545  EST 


(10.25) 


where  C  is  a  constant.  The  constant  C  can  be  determined 
either  by  a  careful  determination  of  the  radar  parameters  or 
by  an  absolute  determination  of  N  at  an  altitude  by  an 
ionosonde  or  other  techniques,  !  iowever,  as  mentioned  ear¬ 
lier  (Equation  10.24).  the  scattering  cross-section  (T(h)  de¬ 
pends  both  on  a  and  Ten",  which  are  both  functions  of 
altitude.  From  a  measurement  of  the  scattered  energy  spec¬ 
trum.  these  corrections  can  be  introduced  anJ  electron  den¬ 
sity  profiles  are  determined.  It  has  also  been  possible  to 
obviate  this  difficulty  entirely  by  the  use  of  Faraday  rotation 
teehnique.  Figure  10-12  illustrates  the  electron  density  pro¬ 
file  extending  to  almost  one  earth  radius  obtained  at  Jica- 
marca  by  this  technique.  In  addition  to, the  rather  straight¬ 
forward  measurement  of  electron  density  profiles,  electron 
and  ion  temperatures,  ion  composition,  and  phOtoelectron 
flux,  the  ionospheric  electric  field  and  a  variety  of  other  up¬ 
per  atmospheric  parameters  have  been  successfully  meas¬ 
ured  at  Various  kKations  extending  from  the  magnetic  equa¬ 
tor  to  the  auroral  zone  (Radio  Science,  special  issue.  19741. 


Tabic  10- 1,  Incoherent  Ncatlor  t'acilitiCN. 

Location  Frei 

Jicaniarca, 

Peru 

Arecibo. 

Puerto  Rico 
St.  Santin. 

France 

Millstone  Hill. 

USA 

Sondrestriim. 

,  Greenland 
EISCAT* 

Transmitter: 

Troniso.  Norwav 


I  Receiver: 

Tromso.  Norway 
Kiruna.  Sweden 
SixJankvIa.  Finland 

‘Huropcan  [nct'h«.*rcni  SCATicr  tacilits 

1016 


10  10  K)  10  10 

ELECTTON  DENSmr  Ui/m') 

Figure  10-12.  An  electron  density  profile  obtained  at  Jicamarca  that  ex¬ 
tends  to  almost  one  eaiih  radius  (Bowles.  1963], 
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Figure  lO-I.V  Cylindrical  Langmuir  Probe. 


Table  10- 1  adopted  from  Hargreaves  11979)  gives  a  list  of 
the  incoherent  scatter  facilities  now  in  operation  and  the 
characteristics  of  the  radar  system. 


probe  is  replaced  with  the  entire  ex|3osure  conducting  sur¬ 
face  of  the  riK'ket  or  satellite.  If  the  exposed  conducting 
surface  of  the  rocket  or  satellite  is  much  greater  than  the 
area  of  the  probe,  the  potential  of  the  surfaces  will  remain 
fixed  as  the  potential  on  the  probe  is  swept.  As  a  minimum, 
the  area  of  the  conducting  surfaces  should  be  100  times 
greater  than  the  area  of  the  probe,  and  ideally  the  area  should 
be  10  000  times  greater  then  the  area  of  the  probe.  By  setting 
the  potential  of  the  probe  very  positive  ( +  1 .5v  to  -t-  20v). 
all  electrons  within  a  few  Debye  lengths  of  the  probe  will 
be  drawn  in  and  measured;  this  allows  a  direct  measurement 
of  plasma  density  oscillations  which  are  directly  related  to 
pla.sma  turbulence. 

The  two  most  common  shapes  for  Langmuir  probes  are 
the  cylindrical  probe  (Figure  10-1.^)  and  the  spherical  probe 
(Figure  10-14).  Any  shape  probe  is  possible,  but  these  shapes 
are  the  easiest  to  analyze  mathematically. 


10.1.3  Langmuir  Probes 

One  of  the  simplest  devices  used  on  rockets  or  satellites 
to  measure  the  ionospheric  density  in  situ  is  the  Langmuir 
probe,  named  for  Irving  Langmuir,  who  pioneered  the  method 
at  General  Electric  in  the  1920s.  The  density  is  determined 
from  a  measurement  of  electric  current  passing  between  two 
conducting  surfaces  in  contact  with  the  environment.  A 
varying  electrostatic  p<itential  placed  between  the  two  sur¬ 
faces  causes  the  current  to  vary.  The  magnitude  of  the  cur¬ 
rent  indicates  the  density  of  the  ionospheric  plasma,  and  the 
change  in  .current  with  respect  to  changes  in  the  potential 
between  the  surfaces  indicates  the  ion  and  electron  tem¬ 
peratures.  The  doublc-floating-probe,  which  is  the  closest 
version  to  an  idealized  Langmuir  probe,  usually  consists  of 
a  conductor  at  each  end  of  a  dipole  antenna  flown  on  a 
rocket  or  satellite  for  other  purposes.  The  major  disadvan¬ 
tage  of  a  double-floating-probe  is  that  ion  thermal  velocity 
is  much  lower  than  the  electron  thermal  vefxiiiy  and  the 
rocket  or  satellite  speeds.  Therefore,  the  usual  Langmuir 
probe  is  a  single  probe  to  measure  only  electrons;  the  other 
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10.1.4  Faraday  Cups  for  Rockets 
and  Satellites 

'i  le  most  commonly  used  device  for  measuring  the  ther¬ 
mal  ions  is  the  Faraday  cup  (see  Figure  10-15).  It  is  usually 
an  aperture  that  is  a  section  of  a  flat,  infinite  surface  in 
contact  with  a  pla.'ma.  A  screen  across  the  aperture  shields 
electrostatic  potentials  inside  the  sensor  from  the  outside 
environment.  The  arrangement  of  grids  or  screens  inside 
the  sensor  Is  determined  by  the  function  of  the  sensor.  Most 
Faraday  cups  use  a  suppressor  screen  in  front  of  the  col¬ 
lector.  This  screen  has  a  large  n.?gative  potential  (  -  lOV  to 
-  lOOV)  to  repel  electrons  from  Ihe  environment  away  from 
the  collector  and  to  drive  secondary  and  photoelectrons  from 
the  collector  back  to  the  collector. 
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Figure  10-14.  The  Sphencat  Langmuir  Probe  on  the  DMSP  Satclfile. 


Figure  MMy  The  f-araiiav  Cup  used  on  the  DMSP  Satellite. 
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10.1.5  Optical  Measurements 

Ground,  airborne,  satellite,  and  rwket  based  optieal 
measurements  are  commonly  used  to  determine  ionospheric 
structure  and  dynamics.  While  a  number  of  different  in¬ 
struments  are  employed,  all  analysis  techniques  must  relate 
spectral  emission  features  to  ionospheric  structure  and  dy- 
nami .  processes.  This  is  done  through  a  knowledge  of  the 
atmospherc/ionosphere  chetnistry  that  leads  to  the  measured 
photon  emission.  Ionospheric  domains  arc  convenient!)  di¬ 
vided  into  regions  that  are  prinluced  or  iniluenced  by  en¬ 
ergetic  particle  precipitation  (auroral  regions)  qnd  those  con¬ 
trolled  mainly  bv  solar  ioiii/ing  radiation  (equatorial  and 
midlatitude).  Optical  measurements  have  played  important 
roles  in  both  regions  in  defining  the  spatial  and  temporal 
characteristics  of  ionospheric  plasma.  Commonly  used  ob¬ 
serving  techniques  will  be  discussed  followed  by  a  section 
describing  important  results. 

10.1.5.1  Observing  Techniques.  Optical  instruments  can 
be  classified  according  to  spectral  re.solution  as  low.  me¬ 
dium.  and  high. 

Re.siiliiiioii  Systems:  The  all  sky  camera  has  his¬ 
torically  been  used  to  measure  auroral  structure.  This  is 
perhaps  the  lowest  resolution  system,  measuring  all  wave¬ 
lengths  over  the  sensitivity  range  for  the  type  of  film  used 
(typically  Kinlak  TRI  X)  The  system  uses  a  160°  field  of 
view  lens  to  measure  auroras  over  a  circle  of  UX)0  km 
diameter  in  the  lower  ionosphere  ( 1 10  km  altitude).  All  sky 
cameras  typically  measure  only  bright  auroral  features,  pri¬ 
marily  at  K  region  altitudes. 

Photometers  are  low  resolutitm  systems.  They  rely  on 
narrow  band  interference  filters  to  isolate  spectra!  lines  and 
bands  of  interest.  Meridian  scanning  photometers  use  a  nar¬ 
row  ()),.'S°  to  2..*''’)  (ield  of  view  and  -2  A”  filters  to  measure 
absolute  intensity  ofi  auroral  and  airglow  along  a  vertical 
circle,  commonly  aligned  along  a  magnetic  meridian  Tilt-, 
ing  filters  use  the  change  in  transmitted  wavelength  versus 
tilt  angle  to  perform  a  limited  wavelength  scan.  This  allows 
separation  of  non-spectral  continuum  from  the  line  or  band 
emission. 

More  recently,  all-sky  imaging  photometers  have  been 
developed  to  pertbnn  all  sky  (1.5.'’°)  monochromatic  meas¬ 
urements  at  high  sensitivity  (20  Rayleighs).  These  employ 
slightly  wider  (  20  A  )  interference  filters  because  of  the 
lack  of  convergence  of  the  cxtrei.ic  optica!  rays  at  large 
/enith  angles.  Image  intensilicrs  are  employed  to  achieve 
the  high  sensitivity.  Data  arc  recorded  either  on  a  photo¬ 
graphic  image  or  by  using  a  I'Y  system  to  pnniucc  a  video 
signal.  Typical  system  parameters  are  shown  in  fable 
l(T2. 

Medium  Resolution  Systems:  F.bert-Fastie  type  scanning 
spcctomeic'  s  are  used  us  medium  resolution  optical  systems. 
These  arc  effectively  used  over  the  (visible)  wavelength 
range  of  .(8(H)  to  7900  A  with  variable  spectral  resolution 


frorh  2-18  A.  They  can  be  scanned  across  the  sky  or  operated 
in  the  zenith.  When  prttpcrly  calibrated,  spectrometers  p'c- 
vide  the  absolute  intensity  of  aurora!  and  airglow  features 
as  well  as  some  measuie  of  spectral  character. 

Hifth  Resolution  Systems'  Fabry-Perot  interferometers 
use  multiple  path  interference  to  ttchieve  high  spectral  res¬ 
olution.  These  instruments  are  primarily  used  to  measure 
spectral  line  brttadening  and  Doppler  shift.  From  these  pa¬ 
rameters,  atmtvspherie  temperatures  and  drift  vel  Kities  can 
be  derived.  Primary  spectral  features  of  interest  are  6300  A 
|OII.  .fiS??,  A  |OI|  for  neutral  winds,  and  7320  A  10ll|  for 
plasma  drift. 

10.1.5.2  ionospheric  Structure  from  Optical 
Measurements,  lomtspheric  structure  at  mid  and  equa¬ 
torial  latitudes  is  contridled  by  solar  ionizing  radiation,  elec¬ 
tric  fields,  and  neutral  atmosphere  dynamics.  Airglow  ob¬ 
servations  of  equatorial  plasma  depletions  are  one  example 
of  optical  measurements  used  to  define  ionospheric  pro¬ 
cesses.  A  brief  review  of  equatorial  airglow  chemical  pro¬ 


duction  mechanisms  is  presented  to  illustrate  the  techniques 
used  to  infer  ionospheric  plasma  density  variations  from 
remote  optical  measufements. 

Two  primary  airglow  spect'a!  emissitrn  features  are  of 
interest  for  nighttime.  F  region  phcnomeni'.  6.30()  A  |OI|  and 
7774  A  Ol.  The  63(X)A  atomic  oxygen  emission  results  from 
the  following  sequence  of  reaction. 


()•  -I-  0:-»  07  f  e  (10.26) 

K.' 

o;  f  e-»  O  -h  0('D)  (10.27) 

0('D)  O  (’P)  -h  hv(63(X))  (10.28) 

(K'D)  N.  “»0('P)  (  N,.  (10.29) 

Since  K.-  >  K,.  and  in  regions  where  0‘  is  the  dominant 


(10.26) 

im. 

•/  r 

(10.27) 

v.v 

(10.28) 

(10.29) 

ion  (O*  =  N,.)  the  63tK)A  volume  emission  rate  is  given  ’.••VA 

by 


dl(6.300)  0,7.8  K..h  l,N,||0..|/^  1  .  dh 


(10.. 30) 


where  K>H  -  1.4  x  10  "  cm' s  ' 
Ky  =  7.0  X  10  "  cm' s 
A  =  10  -N  ' 


(See  Weber  et  al..  1 1980]  and  .Noxon  and  Johanson  1 1970] 
for  a  more  complete  discussion). 

The  7774, A  Ol  results  Irom  radiative  recombination  of 
O'  : 
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Table  10-2.  Summar>’  of  system  specifications. 


Field  of  View 

155° 

Pass  Band 

25  A  at  f  1.4;  5  A  at  f  8 

Resolution 

1/2°  zenith,  2°  horizon 

Spectral  Response 

S-20.  exceeding  100  jjiA/lumen 

Picture  Storage 

No  detectable  degradation  for  up  to  3 

Tube  Gain 

Photon  noise  granularity  visible  above  tube  noise 

Threshold  Sensitivity 

20  R  at  2  s  exposure 

1  kR  at  30  frames/s 

Dynamic  Range 

20  R  to  10  kR  covered  by  3  preset  HV  settings 

Flatness  of  Field 

30  percent  loss  at  edge  of  field 

Repetition  Rate 

Typically  20  s  for  complete  filter  cycle 

Temporary  Storage 

Video  disc,  three  video  tracKs  one  sync  track 

Permanent  Storage 

Video  tape  deck,  time-lapse  type  (9  h  recording  time 
on  a  single  reel):  16  mm  color  movie  camera 

PriKcss  Controller 

In-field  programming  capability 

Display  Systems 

Four  black  and  white  monitors.  9  in.  diagnal;  Color 
monitor,  RGB  and  A-B  input,  12  in.  diagonal 

Real-Time  Display 

Simultaneous  fuiiy  regi.stered  display  of  three  filter 
channels.  Capability  of  displaying  difference  I'f  any 
two  pictures.  Display  of  two  or  three  (ii'ers  as 
pseudo-color  on  ROB  monitor 

Character  Generators 

Date/time  display  on  each  frame  for  frame 
identification 

Digital  Enccxling 

Digital  encoding  of  time  and  housekeeping  data  for 
computer-controlled  data  handling 

Kt 

O"  4-  e-»  0(-P)  (10.31) 

O.'P)-^  0(^S)  +  hr(7774)  (10,32) 

and  the  volume  emission  rate  is  given  by 

dl(7774)  =  K,  !0‘)|N,|  Jh.  (10.33) 

To  illustrate  the  altitude  dependence,  6.300  A  and  7774  A 
airglow  volume  emission  rates  were  calculated  tor  an  elec¬ 
tron  density  profile  representative  of  the  Appleton  anomaly 
region,  and  are  shown  in  Figure  10-16.  The  boftomside 
profile  was  ob'ained  from  true  height  inalysis  of  a  digital 
ionogram.  This  was  matched  to  a  modified  Chapman  func¬ 
tion  [Tinsley  et  al.  Id73|  to  represeisi  the  topside  profile 
from  hmax  F-  to  640  km.  because  o''  the  exponentially 
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Figure  10-16  Hlectmn  density  profile  derived  from  true  height  anidysis 
of  hoflom-sldc  ionc’grani  matched  to  a  modified  C'hi.pman 
function  for  the  topside.  Also  shown  are  calculated  6.MK,’ 
and  777  *  A  volume  emission  rates  and  column  intensities 
in  Rayleigh.s. 
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decreasing  O.-  concentrati.  n,  Ihe  6300  A  volume  emission 
rate  is  confined  to  the  botlomside  and  reaches  a  maximum 
value  at  3(X)  km.  below  ^2  (360  km).  The  7774  A 
volume  emissimi  rate  is  proportional  to  |Ne|’  and  attains  its 
maximum  value  at  h„,,x  F2.  Because  of  the  broad  altitude 
exatent  of  the  equatorial  electron  density  profile  the  7774 
A  volume  emission  rate  displays  a  similar  broad  extent  and 
falls  to  50'^  o'  the  maximum  value  at  3(K)  km  and  450  km. 
Thus  the  7774  A  airglow  measurements  provide  information 
over  a  broad  altitude  range,  with  approximately  one  half  of 
the  emission  pnxluccd  above  the  F  layer  peak. 

All  sky  imaging  pho.omcler  measurements  conducted 
within  a  few  degrees  of  the  magnetic  equator  and  near  the 
Appleton  Anomaly  region  (~  18°  ML)  have  established  the 
two-dimensional  horizontal  extent  of  equattrrial  plasma  de¬ 
pletions  These  are  alstr  the  regions  of  post-sunset  equatorial 
spread  F.  VHF  radar  backscattcr  plumes,  and  amplitude  and 
phase  scintillation  on  transionospheric  radi«>  propagation. 
Figure  Hi- 1 7  shows  an  example  of  all  sky  images  at  6.300  A 
and  7774  A  near  the  equatorial  edge  of  the  Appleton  Anom¬ 
aly.  The  brighi  region  over  the  southern  two-thirds  of  the 
image  is  airglow  form  the  high  density  anomaly  region.  The 
North-South  aligned  uark  hand  is  a  region  of  decreased 
airghrw  emissi<rn.  Contparison  with  simultaneous  in  situ 
measurements  from  the  Atmosphere  F.xplorer  satellite  (AE- 
E)  shows  this  airglow  depletion  to  the  coIkKated  with  a 
region  of  significantly  decreased  ion  density.  Having  cstah- 
lishco  the  relation  between  airglow  emission  processes  and 
F  layer  density .  the  all  sky  images  pnrvidc  a  two-dimen¬ 
sional  map  of  these  depleted  regions.  In  addition,  the  dy¬ 
namics  of  these  regions  can  be  monitored  over  extended 
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periods  in  the  absence  of  "snapshot"  satellite  measurements. 
Op;ical  measurements  cixirdinatcd  with  VHF  radar,  iono- 
soiidc.  in  situ  density,  and  satellite  radio  beacon  scintillation 
observations  have  hclpted  to  provide  a  detailed  description 
of  the  development,  structure,  drift,  and  decay  of  these 
impxirtant  equatorial  ionospheric  features. 

Optical  measurements  have  improved  our  understanding 
of  auroral  zone  and  polar  cap  ionospheric  structure  and 
magnetosphere-ionosphere  coupling  prixesses.  In  this  re¬ 
gion  dominated  by  the  effect  of  precipitating  electrons  and 
ions  over  a  wide  energy  range  (few  cV  to  lOO's  of  keV). 
optical  measurements  of  impact  excitation  and  chemical 
recombination  aid  in  understanding  a  wide  variety  of  pro- 
ces.ses.  In  this  section,  several  examples  of  all-sky  mono¬ 
chromatic  images  are  shown,  primarily  to  demonstrate  the 
use  of  opticuL measurements,  especially  when  c«>rdinated 
with  other  ionospheric  diagnostics.  Figure  10-18  shows  a 
montage  of  auroral  images  at  lO-min  intervals  at  6300  A 
101]  and  4278  A  N^* .  These  images  were  recorded  on  an 
aircraft  which  flew  North-South  legs  along  the  Chataiiika. 
Alaska  Incoherent  Scatter  Radar  magnetic  meridian.  The 
images  provide  a  map  of  the  instantaneous  particle  precip¬ 
itation  patterns  separately  for  the  E  (4278  A)  and  F  (6300 
A)  layers.  Measurements  with  the  radar  mapped  electron 
density  structure  and  satellite  L'HF  radi  .>  beacon  scintillation 
measurements  mapped  regions  of  ionospheric  irregularities 
(from  tens  of  meters  to  a  few  kilometers).  In  this  experiment, 
optical  measurements  provide  a  continuous  map  of  particle 
precipitation  regions  over  a  large  area  (1200  km  diameter 
at  F-region  altitudes)  for  interpretation  of  magnetosphere- 
ionosphere  coupling  and  ionospheric  dynamics. 

Measurements  in  the  polar  cap  have  recently  clarified 
local  particle  precipitation  effects  from  plasma  transport  (E- 
ficld)  effects.  LiKal  precipitation  of  low  energy  ( iOO's  of 
eV)  electrons,  during  IMF  Bz  north  conditions,  leads  to  the 
prixluction  of  sun-aligned  F  region  auroras.  Some  of  these 
auroras  arc  characterized  by  F  region  plasma  density  en¬ 
hancement  and  structuring  within  these  auniras  leds  to  am¬ 
plitude  and  phase  scintillation'. 

During  Bz  south  conditions.  |argc  patches  of  F  region 
plasma  arc  observed  to  drift  across  the  polar  cap  in  the  anti- 
sunward  direction.  Cix'rdinated  satellite  .nKasurements  show 
that  these  patches  are  not  lc.cally  produced  by  precipitating 
particles,  but  arc  convected  from  a  source  region  at  or  eoua-' 
torward  of  the  daysidc  cusp.  These  patches  are  also  subject 
to  structuring  prireesscs  that  lead  to  scintillation. 


10.2  SOME  ASPECTS  OF 

LONG  WAVE  PROPAGATION 

It  is  convenient  to  refer  to  radio  waves  having  frequen¬ 
cies  below  ,30(X)  kHz  as  "long  waves".  These  include  Ex¬ 
tremely  Low  Frequencies  (Hl.F).  Very  Low  Frequencies 
(VLF).  Low  Frecioeneies  (LFi.  and  Medium  Frequencies 
(MF).  iis  outlined  in  Table  10-3.  ELF  has  had  very  little 
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Designation 

Abbreviation 

Frequency  Range 

Wavelengths 

Extremely  Low  Frequency 

ELF 

0.003-3  kHz 

lO'-IO-’kin 

Very  Low  Frequency 

VLF 

3-.30  kHz 

I0--I0'  km 

Low  Frequency 

LF 

30-300  kHz 

10- 1  km 

Medium  Frequency 

MF 

300-3000  kHz 

1-0. 1  km 

ti«c.  except  for  communications  that  require  wave  penetra¬ 
tion  beneath  the  surface  of  the  iKcan  or  earth.  The  VLF/LF 
bands  are  used  extensively  for  navigation  and  military  com¬ 
munication.  The  standard  AM  hixiadcast  systems  utilize  part 
of  the  MF  hand  kHz).  Long  radio  wdves  are  also 

u.scd  in  basic  ionospheric  research,  meteorology  and  thun¬ 
derstorm  study  and  tracking,  standard  frequency  and  time 
distribution,  geological  studies,  and  minerals  exploration. 

Ltwg  waves  pn>pagute  by  a  number  of  different  riKxIcs. 
These  include  propagation  over  the  surface  of  the  earth  by 
diffraction  modes.  FLF  pnipagation  by  transmission-line 
type  nuxles.  propagation  by  ionospheric  reflection  tor  earth- 
ionosphere  waveguide  modes)  and  pnspagation  through  the 
iomtsphere  by  s»i-called  “whistler"  iTHxles.  Kach  type  of 
mode  requires  a  separate  physical  descriptitm  and  mathe¬ 
matical  formulation. 


10.2.1  Groundwave  Propagation 

The  most  general  definition  of  the  groundwave  is  the 
wave  that  wxuild  he  excited  by  an  antenna  at  or  near  the  air- 
earth  hnindary  if  there  were  no  wave  reflections  from  the 
upper  atmtisphere.  At  long  wavelengths  ionospheric  reflec¬ 
tions  are  important,  and  for  continuous  wave  (CW)  t.ans- 
missitins  it  is  necessary  to  regard  the  tiHal  wave  field  :is  a 
vector  sum  of  the  groundwave  and  sky  waves  If  an  antenna 
radiates  a  very  shon  pulse,  however,  it  rriay  he  possible  for 
a  distant  receiver  to  revilvc  the  groundwave  and  skywaves 
individually.  The  time  interval  between  the  onsets  of  the 
groundw  ave  and  the  first-hop  sky  wave  is  given  by 


At  =  (2\  h-  +  4a(a  +  h)sin-(d  4al  -  d»(|/el.  (I0..TI) 

providing 

d  «  2a  cos  '{a/la-sh)}.  II0..TS) 

»  here  d  is  the  distance  between  the  transmitter  and  receiver, 
h  is  the  effective  height  of  reflection  in  the  iontwphere.  a  is 
the  earth's  radius  (  '  6,^70  kmi  and  c  is  the  wave  vei»>city 
(.4  X  10'  km.'s)  If  the  transmitted  pulse  is  short  enough. 
At  may  he  long  enough  (for  example.  At  9.7  gts  for 
d  =  .SOO  km  and  h  =  SO  km i  to  pemiit  very  accurate  mea¬ 
surements  of  the  groundwave.  e'-pecially  its  arrival  lime  or 


phase.  The  latter  is  the  basis  of  the  long-range  100  kHz 
gnvundwave  navigation  system.  Loran-C. 

If  the  transmitted  signal  is  a  continuous  wave,  the  am¬ 
plitude  and  phase  of  the  composite  signal  received  at  a  fixed 
distance  vary  with  tinK  as  the  ionosphere  changes.  On  the 
iMher  hand,  at  a  given  moment  the  signal  amplitude  is  a 
function  of  distance  {Hollingworlh.  I926|.  having  maxima 
and  minima  typical  of  an  interference  pattern.  The  grtvund- 
wave  component  is  stronger  than  the  skywav.-s  out  to  a 
distance  that  depends  on  the  wave  frequency,  among  other 
factors.  This  region  of  groundwave  dominance  is  the  most 
stable,  or  primary,  coverage  area  of  MF  bn>udc4st  trans¬ 
mitters. 

As  defined  aNwe.  the  groundwave  exists  at  all  radio 
frequencies.,  but  at  wavelengths  comparable  to  the  height 
of  the  irtnosphere  ivr  greater,  the  usefulness  of  the  concept 
begins  to  fade.  Alst>.  for  transmitters  high  aNwe  tN'  ground, 
or  at  high  frequencies  wN're  quasi-tvptical  pnvpagation  anal¬ 
ysis  is  appropriate,  the  term  ground anve  is  seldivm  used. 

The  earth  often  acts  as  a  fairly  gtxid  civnductor  for  long 
waves,  in  which  case  the  electromagnetic  Nvundary  con¬ 
ditions  permit  electric  fields  perpendicular  tt>  tN‘  surface, 
while  tending  to  suppress  electric  ticlds  tangential  to  tN* 
surface,  it  follows  that  groundwave  fields  near  the  earth's 
surface  tend  to  have  transverse  magnetic  (TM)  polarization 
ratNr  than  transverse  electric  (TF)  polarization.  In  common 
usage  tN  unqualified  term  "gmundwave"  implies  TM  po¬ 
larization. 

10.2.1.1  Idealized  llat-Karth  Models.  In  a  simple  model 
the  earth's  surface  is  regarded  as  a  flat  perfect  conductor, 
and  the  air  is  homogeneous  w  ith  refractive  index  I .  The 
most  elementary  .  s»>uree  is  a  vertically-directed  current 
Ul)  =  I,,  exp  (not),  at  frequency  f  =  «o/2ir.  of  infinitesimal 
length  dt.  which  has  an  electric  dipi'ile  moment  M(t)  ---  l(ti 
d<  (Note:  complex  antennas  can  N  regarded  as  distributions 
of  such  clenKntary  currents).  Fhe  fields  of'  such  a  source 
may  N  found  readily  by  the  method  of  images.  \^hen  the 
current  elenient  is  just  aNwe  the  surface,  the  fields  in  air 
arc  simply  twice  the  homogeneous  lrec-<.pace  holds.  Be¬ 
cause  of  symmetry  the  magnetic  field  is  every  where  in  the 
azimuthal  direction  A  (see  Figure  l)l-l‘J!.  while  the  electric 
held  on  the  surface  is  constrained  by  the  Nmndary  conditions 
to  N  strictly  in  the  vertical  direction  z.  In  inks  units  the 
magnetic  and  electric  fields  at  a  distance,  d.  on  the  flit 
perfectly -conducting  surface  arc.  respectively. 
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Fipire  MV  14  Vector  ticl.l  c.>in(xinrntv  M  a  piHni  P  in  a  cylindrKal  c<v 
ocUinalc  stein  Tlie  plane  X()>'  represents  the  surface  of 
the  earth 


no  36) 
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where  T  =  (t  ~  'd/c).  X  is  the  vacuum  wavelength 
(*3  ^  lO'.'f  ml.  t-„  is.  the'  permittivity  of  free  space 
( =  8.8.M  X  10  '•  F'tnI.  and  ji,,  is  the  fa-e  space  perme¬ 
ability  (  =■  dir  X  It)  '  H/m),  The  far-tiold  components  anr 
related  by 

E,  =  -ZofU  <tO-W) 


IGI 


Fi|iuie  10- 21)  Height  sanations  in  the  amplitudes  and  phases  of  1(10  kHi 
groundajse  ticlds  ftx  a  source  on  a  plane  earth  Values 
arc  shossn  at  distances  of  .10.  MX),  and  .wtO  km.  fix  prop¬ 
agation  user  fresh  water,  it  =  10  '  S/m.  t/r„  =  HO 
IHeckseher  and  TKhovolsky.  I4HI| 


Zenneck  wave,  without  any  radiation  Held,  requires  an  in- 
Hnitely  long  source  distribution  |Hill  and  Wait.  I')78I. 

For  a  Hnitely  conducting  earth.  Equation  1 10.  ^9)  is  still 
true  approximately,  but  the  radial  electric  field  component 
has  a  finite  value  related  to  the  loss  of  wave  power  into 


where  4,  is  the  impedance  of  free-space  (?■-  I2()it  tihm). 

in  a  more  realistic  mixJcl.  the  plane  earth  is  allowed  to 
have  finite  conductivity  tr  and  permittivity  r  The  vilution 
of  this  Niundary -value  problem  was  given  by  Somrnerfeld 
1 1909j  in  terms  of  an  infinite  complex  integial  |see  Stratton. 
194 1 1.  At  more  complex  pn'blem.  that  of  an  elevated  dipole, 
was  solved  by  W'eyl  |I919|.  who  expressed  the  tree-space 
field  as  a  sum  of  plane  waves  that  rePected  at  the  earth's 
surface  in  accordance  with  the  Fresnel  formulas  .Norton 
1 1 94 1 1  and  others  have  calculated  numerical  values  fnim 
the  formal  viluiions.  Height  vanations  of  the  fields  are  sh*)wn 
in  Figure  10-2(1  for  a  source  on  a  plane  earth  surface 
IHeckscher  and  Tichovolsky  .  19X1 1.  and  curves  illustrating 
groundwave  field  amplitudes  along  the  surface  are  given  in 
Figure  10-21  for  both  plane  and  spherical  earth  mtxlels. 

A  type  of  groundwave.  the  /cnneck  surface  wave,  has 
fields  expressed  cx.iciK  m  simple  closed  forms  -Mihough 
the  Zenneck  wave  is  important  historically  and  concep¬ 
tually  .  it  IS  generally  dilliculi  to  evciie  because  of  its  rather 
slow  decay  with  height  In  tael,  the  excitation  of  a  pure 
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the  ground.  The  ratio  of  the  radial  and  vertical  electric  tields 
at  the  surfiice  is  given  bv 


hJK  =  \  (I  l/p(/p.  til) -Mil 

where 

p  =  fit,.  -  HT/a»»„.  <10.41) 

Starting  just  below  the  surface  of  the  assumed  uniform 
earth.  K,,  and  H...  decrease  exponentiallv  with  depth.  Thv 
helds  are  I  e  of  their  values  on  the  surface  at  the  "skin 
depth"  h.  which  mav  be  estimated  from 


f.  ..  -  -  .  -• - <10  42) 

<«»  '  f  Initp'A  I  +  p) 

S(i.t/\  ,rf  when  arg  p  *=  - 'rr/2.  tlO.4.^) 

Sample  values  of  K,,  K  are  given  in  Table  10-4  for  various 
earth  surlaces  at  a  Iremiencv  of  lOO  kM/.  and  Figure 
10-22  shows  \km  depths  over  the  long  wave  spectrum 
The  nagnetic  field  of  the  gr<Himlwa>e  II..,  may  be  sensed 
with  a  loop  .mienna  having  its  avis  parallel  to  the  surface 
and  peqx'ndicular  to  the  direction  of  pmpagation.  F!,  may 
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he  sensed  with  a  vertical  monopole  antenna,  or  a  vertical 
dipole.  The  radial  component  may  he  sensed  by  a  hor¬ 
izontal  dipole  with  its  avis  in  the  direction  of  propagation. 
It  follow  s  from  the  principle  iif  recipnx'ity  that  if  a  hon/ontal 
dipole  on  the  earth  is  driven  w  ith  RF  current,  a  TM-polarizcd 
groundwave  is  radiated  in  directions  along  its  avis.  The 
lields  pnKluced  hy  horizontal  and  vertical  current  elements 
have  been  discussed  in  mathematical  detail  by  Wait  IN.ST. 
I*).*;?.  IW>I.  1971 1, 

10.2.1.2  Itlealizcd  .Spheriral-Karth  ModHv.  A  mathe¬ 
matical  trea  ment  of  the  groundwave  on  a  snuioth  spherical 
earth  of  hoi  Migeneous.  isotropic  material  was  undertaken 
by  Watson  1 1919)  to  determine  if  an  atmospheric  reflecting 
layer  fionosphere)  was  required  to  explain  the  large  fields 
produced  by  distant  transmitters.  Such  early  theviretical  anal¬ 
yses  were  handica,sped  by  the  pixir  convergence  of  the  in¬ 
finite  series  contained  in  the  solutions.  That  difliculty  was 
largely  oveivonK'by  Van  der  Pol  and  BremnKr's  (I9.4X| 
"residue  senes"  solution,  which  has  become  a  basis  for 
nKxiem  nunwrical  analysis  of  the  gniundwave. 

Figure  10-21  shtiws  examples  of  field-strength  vs  dis¬ 
tance  curves  for  waves  of  selected  frequencies  pnipagating 
over  "giHid  soil."  assuming  a  vertical  stiuree  on  the  surface. 
The  earth -curvature  causes  the  wave  amplitude  to  decrease 
with  distance  miore  rapidly  than  it  would  on  a  flat  earth  of 
the  sanK*  material,  hut  near  *he  source  the  flat-  and  round- 
earth  models  give  essentially  the  same  fields 

One  way  to  present  h«<th  amplitude  and  phase  data  is  in 
terms  of  the  complex  liK’tor  W.  which  is  the  ratio  of  the 
actual  field  component  to  an  idealized  one  calculated  as  if 
the  earth  were  flat  and  perfectly  conducting.  The  flat  earth 
propagation  distance  is  taken  to  be  the  sanre  as  the  curv  i- 
linear  distance  on  the  sphere.  Figure  10-23  shows  curves 
of  W  in  the  complex  plane,  for  100  kHz  propagation  over 
sea  water  and  gixid  soil. 


I'lpUfc  Ml  \  jliiox  t»t  fjtn»  ikt  jvIujI  tfrt»urxJw.*sc  heW 

vxmifbitv'nlN  .irkf  >*rA.*x  jxMjmmv  j  rtat  pcr1v*.tt\ 

line  t.'.«nh  tv*f  Mm  kHz  ‘vor  w.i  wjlcr  or  4  S  no 
ar*!  x*>i?  i;»  -  |u  S  fti»  DernoxJ  t»<‘m  W  jii  anj 
Ht'wv 
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10.2.1.3  MmMs  with  Earth*Propertics  Gently  Varying 
Aloax  the  Propagation  Path.  Except  fiK'  large  Nxiiex  of 
water,  the  «  ‘h's  v»rfjce  ix  tiw  ot.even.  both  in  electrical 
properties  ana  in  U>pok>gy.  to  he  rcprcscntetl  well  by  the 
ideali/ed  models  discussed  aN>ve.  Httwever.  if  the  earth's 
electrical  prttperties  and  curvature  d«>  not  vary  much  in  a 
wavelength,  the  gntundwave  amplitude  and  phase  can  he 
approximated  by  the  solution  of  an  integral  equation  for  W 
IHuffiMxi.  I952|.  The  two-dimensnmal  integral  equatutn — 
the  most  general  form — is  valid  provided,  tiisi.  impedance 
boundary  conditiitns  can  be  applied;  and  second,  terrain 
irregularities  are  not  t<x>  severe. 

A  much  simpler.  one-dimensi<tnal.  integral  equatitvi  is 
mote  commtwly  used.  It  is  derived  by  a  statumary-p  lasc 
integration  that  reduces  the  dimensionality  of  the  general 
version:  being  an  appnrximation  it  is  not  valid  for  all  terrain 
types,  particularly  at  It'w  frequencies  where  wave  lengths 
and  Fresnel  /ones  have  sizes  corhparahle  with  terrain  fea¬ 
tures.  Field  |l*>H2a|  compared  solutions  of  the  one-  and 
two-dimensional  equatHins  to  quantify  the  errors  incurred 
by  using  the  or»e-dimensional  equation  ,  for  terrain  features 
namtwer  than  a  Fresnel  zone  Ft>r  a  frequency  of  KM)  kHz 
and  on-path  features  namrwer  than  about  10  km.  the  two- 
dimensional  equation  is  needed  to  properly  acctHint  for  the 
signal's  dependence  on  (Obstacle  width,  avovery  at  long 
distances,  and  transvere  diffractUm  patterns.  The  one-  and 
iwivdimensional  stvlutions  approach  one  another  far  beytmd 
wide  terrain  features. 

Considerable  error  can  be  incurred  at  low  fa'quencics 
by  applying  the  one-dimensional  equation,  even  for  large 
terrain  fcatu'es,  F'H  example,  for  a  path-length  of  .^00  km. 
that  equatum  overstates  by  a  factor  of  alxmt  four  the  effect 
of  an  obstacle  6  sm  in  dianwter.  It  cann«it  give  accurate 
results  unless  the  diameter  approaches  a  Fresnel  zone  width, 
which  fw  this  example  is  several  lens  of  kilonK'ters.  How¬ 
ever.  because  numerical  s*>luti»>n  of  th«'  two-dimensmnal , 
integral  equation  is  costly .  its  use  has  been  limited  to  highly 
idealized  iiregulanties  An  altematc  appr«»ach  jiven  by  King 
and  Wail  |  I97h|  obtains  an  equivalent  one-dinKnsional  mixiel 
by  averaging  the  terrain  over  the  Fresnel  zone 

,  If.  instead  of  being  h»>nK>gcneous.  the  earth  were  com¬ 
prised  of  layers  of  different  conduc:iMly  and  diclectnc  cim- 
siani.  It  ciHild  still  he  characterized  o..  a  (frequency  depen¬ 
dent!  surface  imjvdance.  so  that  the  in'cgral  equation  fiw 
W  can  be'  formulated  .Souk  progress  has  K’cn  made  in  this 
and  »'>«her  ways  of  estimating  eanh-c**nsiams  fV>r  ground- 
wave  phase  predictum  at  lOd  kHz.  but  uncertainties  m  these 
constants  remain  a  maior  sotirce  of  preiliction  error, 

Snecial  nwKlel'  of  mm-uniform  terrain  exist  for  which 
solution  of  the  integral  equation  is  unnecessary  Ground- 
wave  propagation  from  land  to  sea.  and  v  ice  versa,  has  been 
nuxleied  with  an  earth  having  a  shaip  disionlinuny  ol  con¬ 
ductivity  along  a  horizontal  straight  line  A  usclul  approx¬ 
imate  solution  was  given  by  Vlillingti'ii  |l'»4*l(  based  on 
recipnvity  arguments,  .ind  ni.itbem.itical  solutions  h.ivc  Kx-n 
given  by  Wan  liushi  .md  Wan  .ind  W.iliers  |l‘»bt| 


Groundwavc  perturbations  caused  by  hills  have  been 
studied  with  models  having  semiciliptical  bosses  on  oth¬ 
erwise  smooth  surfaces  (W'aif  and  Murphy.  1957.  I958|. 
In  (he  electrostatic  case,  the  vertical  electric  field  at  the 
summit  of  a  hemispherical  boss  is  exactly  limes  th-'l  on 
a  flat  plane,  and  fi>r  a  scmicylindrical  ridge  the  factor  is  2 
times.  This  Hcld-ei.hanccmcnt  effect  carries  over  ( w  ith  mtxl- 
ificatiims)  to  VLF  gmundwaves.  and  has  been  demonsiralcd 
experimentally  I  Harrison  et  al..  1971 1. 


10.2.2  ELF  Propagation 

ELF  propugalion  has  he*;n  the  subject  of  theoretical  study 
fw  many  years.  The  texts  by  Wail  1 19701.  Galcjs  |I972| 
and  Buitows  |  I97K|.  along  with  review  papers  by  Bernstein 
Cl  al.  1 19741.  Wail  1 1974  and  19771  and  Bannister.  1 19801. 
provide  comprehensive  descripiiiHis  of  the  propagation  char¬ 
acteristics  of  ELF  waves.  Much  of  the  discussion  that  fol¬ 
lows  is  based  on  a  review  pper  by  Bannister  1 1982|. 

ELF  waves  below  a  few  hundred  hertz  propagate  with  lit¬ 
tle  anenualion.  penetrate  well  into  kwsy  media  and  arc  very 
stable  eivmpared  w  ith  higher  frequencies.  Nevertheless.  ELF 
has  limitations  relative  tocimvenlional  radio  eommunieation 
bonds.  Its  restricted  bandwidth  aikvws  tmly  very  kiw  data  rates, 
and  because  of  the  great  wavelengths.  EI.F  transmitting  an¬ 
tennas  are  very  incftieicnl  l  less  than  0.5''F  is  typical  i. 

The  energy  of  an  ELF  wave  is  confined  principally  to 
the  wav  eguide  that  exists  between  the  earth  and  the  iontv 
sphere'  At  ELF  the  etTectivc  height  h  of  the  waveguide  is 
much  less  than  the  wavelength  X  of  the  wave  and  the  wave¬ 
guide  is  below  cut-off  for  all  but  the  k>wcst  order  mtide. 
the  transverse  electromagnetic  tTEM)  nKxle.  On  the  other 
hand,  at  VLF  the  waveguide  height  exceeds  the  wavelength 
and  Mtveral  modes  pnipagatc  At  LF  the  number  of  signif¬ 
icant  propagating  modes  may  exceed  21). 

The  principal  TEM  feldv  are  thv*  vertical  electric  field 
E,.  and  the  horizontal  magnetic  field.  Hh.  Secondary  field 
components  arise  because  the  surface  impedance  of  the 
ground  — albeit  small  is  not  zero,  hence  the  term  "quasi 
TEM"  mode.  The  secondary  fields  are  small  compared  with 
the  principal  fields,  but  are  important  because  horizivntal 
antennas  would  not  radiate  if  the  secondary  fields  were  zero 
IBuitows.  |9'’8| 

.Attenuation  of  the  ELF  quasi-TFM  nunle  in  the  earth- 
kmosphere  waveguide  is  low.  on  the  onlerot  I  or  2  dB  Mm. 
The  attenuation  is  caused  mainly  by  newer  absorpt-m  in 
the  HMiosphere.  since  the  surUiee  impedance  of  the  iono¬ 
sphere  is  lypically  nuK'h  larger  than  the  surface  impedance 
of  the  grouiid  That  effect  is  evidenced  in  the  expressiot' 
for  the  waveguide  alienuaiton  rale  o.  which  is  inversely 
proportional  to  h.  Th.it  K-iiavior  indic.it. ‘s  that  the  rate  of 
power  leakage  Irom  'he  guide  is  proj-sir  ional  to  the  licUl 
intensity  al  ihc  surface,  whereas  the  rale  >  (  power  flow  along 
the  guide  IS  proportional  to  the  guide's  \olunie  Ihus.  us 
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the  guide's  height  decreuses.  the  ratio  of  p(>wcr  leakage  to 
total  power  flow  increases  IBurrows,  19781- 

ELF  attcnuuliim  is  low  enough  to  suppt>rt  very  long- 
range  pft>pagation.  and  a  planar  model  of  the  earth  is  in¬ 
adequate  if  the  path  length  exceeds  the  earth's  radius.  The 
nK>st  important  effect  of  earth  curvature  is  the  closure  of 
the  guide,  which  allows  the  field  to  return  to  the  source 
pi>'nt  after  »>ne  complete  encirclement.  Therefore,  the  total 
field  is  the  sum  of  the  field  arising  from  propagation  owr 
the  shorter  great-circle  path  fnim  the  s<iurce.  and  that  arising 
fn»m  pnrpagation  over  the  longer  one.  The  Ux:al  effect  of 
the  curvature  is  small,  however,  and  the  wave  propagates 
in  the  curved  guide  with  nearly  the  sanK  parameters  as  it 
would  in  a  planar  one'. 

The  geomagnetic  field  interacts  with  the  charged  par¬ 
ticles  tvf  the  ionosphere  to  produce  an  anisotropic  conducting 
nK'dium.  However,  the  electrical  mismatch  between  the  at¬ 
mosphere  and  the  ionosphere  is  large  at  ELF.  and  the  tran¬ 
sition  between  them  abrupt.  s*i  the  ionosphere  acts  much 
like  a  perfect  reflector.  The  effect  of  the  anisofn>py  is  there- 
fi>re  small.  and.El.F  attenuation  and  phase  velocity  depend 
only  slightly  on  the  direction  of  propagation. 

16.2.2.1  F.I.F  FieM-.Sirength  Calcuiathins.  Theexpres- 
si*>ns  nmst  often  employed  for  calculating  ELF  fields  in  the 
earth-ionosphere  waveguide  are  based  upon  an  idealized 
nuxlel  that  assuiiK's  the  earth  and  the  iomrsphere  to  he  sharply 
Nninded  and  homogeneous.  Expermental  measurements  of 
the  waveguide  properties  at  ELF  have  shown  consistently 
that  they  can  he  represented  accurately  by  formulas  based 
on  svreh  a  simple  nuxlcl  Complicated  calculations  that  ac¬ 
count  for  »ertical  structure  of  the  ionosphere  (Field.  1969 
and  Pappert  and  Moler.,  !978|  also  confirm  that  the  simple 
nuxlel  is  adequate  for  many  purposes. 

For  the  idealized  mixlel.  the  magnitude  of  the  magnetic 
field  of  the  signal  from  a  horizontal  dipoic  is  approximately 


If)  .'it  -  mi 

- — — - —  COS  <{».  (  10.44) 

w  here 

A  -  — (10.45) 
h\  u»ji,,c'i’ 

IS  an  cxcilatu*n  factor,  q,  is  the  surface  impedance  of  the 
ground,  c  is  the  speed  of  light,  r  is  the  phase  velixity  of 
the  I  KM  iTKxle  and  a  is  the  r.idms  of  tlK;  earth 

There  are  sis  distinct  faetors  in  Equation  (10  44):  If) 
the  source  strength  KK  (2i  the  excitation  lacfor  \;  t.^i  a 
colici-tion  of  free  space  parameleis.  all  of  which  are  known 
once  the  frequenev  is  specified.  i4i  a  spherical  ttvusing 
tacti'r  (.‘’I  the  radial  propagation  loss  taetor.  including  both 


the  exponential  decay  due  to  absorption  and  the  decay 
dut  to  spreading:  and  (6)  the  directiorial  dependence  of  the 
radiated  field.  Once  the  current  moment  Idf;  angular  fre¬ 
quency  (1).  and  ciKrrdinatcs  p.  <{>  of  the  held  point  are  spec¬ 
ified.  only  two  parameters  are  left  undetermined.  A  and  the 
attenuation  rate.  a.  Both  depend  on  the  ionosphere. 

Greifinger  and  Greifinger  1 1978.  1979).  derived  simple 
appntximate  expressions  for  ELF  pnipagation  constants  that 
agree  well  with  full  wave  numerical  calculations.  For  day¬ 
time  propagation,  the  approximate  expressions  for  c/w  and 
a  are 

c/u  -  0.985  V1)A.  ( 10.46) 

and  . 

a  -  o.M.^f  vi)A.  (10  47) 

where  K,  is  the  altitude  where  Oi  -  wf,,;  h|  is  the  altitude 
where  4u)p„4f  =  L  C,,  and  (i  arc  the  conductivity  scale 
heights  at  altiiiidcs  h„  ami  h,.  respectively;  and  it,  is  the 
conductivity  of  the  iomisphere.  which  varies  with  altitude. 

Equations  ( 10.46)  and  ( 10.47)  show  that  the  phase  con¬ 
stant  depends  primarily  on  the  two  reflecting  heights  ard  is 
nearly  independent  of  the  conductivity  scale  heights.  On  the 
other  hand,  the  attenuation  rate  depends  on  the  scale  heights 
as  well  as  the  reflection  heights. 

A  simple  exponential  lit  to  the  iom>s|vheric  conductivity 
pnrfile  is  given  by  Wait  1 1970!  for  determining  propagation 
parameters: 

cT,(z)/r..  =  2.5  X  lO'expIfz  -  (10.48) 

where  H  is  an  (arhilfaiy)  reference  height.  The  correspond¬ 
ing  values  for  h„  and  h,  are 


=  H  -  L.  Ln  ( 

2.5  X  10' \ 

2wf  7 

(10.49) 

/2..t9  X  |0'\ 

' 

=  h.,  +  2£,.Ln 

( 10.50 

\  rc.  7 

Note  that  all  fieights  are  in  kilonretcrs. 

10.2.2.2  Theoretical  and  Measured  ELF  Propagation 
Constants.  U  can  he  shown  that  the  effective  waveguide 
height  of  rcflcclion  is  roughly  h...  rather  than  the  higher 
reflecting  height  h,  This  is  in  excellent  agreenrent  with  the 
effective  reflection  heights  inferred  from  ELF  propagation 
measurements  (Bannister.  I97.S|  The  most  common  values 
of  H  and  L  ernploved  in  interpreting  \  I.E  davtiiiK'  propa¬ 
gation  nieasurements  are  If  -  7il  km  ami  £.  --  .t  .V'  Im. 
Bv  using  these  values  tne  values  of  h...  hi.  c  c  and  o  can 
he  determiiied  iv-kIiIv  at  LI.E' 
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Ftpufc  MV24  OkrulaicU  and  mcaNurtd  F.l.F  ila>time  atlcnuatHHi  ratc^ 
{Bannp4cr. 


Theoretical  vuIucn  of  KI.P  iia>tinic  attenuation  ratcN  arc 
plotted  in  Ficurc  1(1-24  for  fa'quencic'  from  5  If/  to  2CK)0 
H/.  Also  plotted  aa*  values  of  «  detennined  from  controlled 
s»Hia-e  mcasurenK-nts  (Bannister.  I‘W2|.  or  inferred  fn>m 
Schumann  assonance  nK-asureiiKnis  ( C'hapman  et  al  .  I  ‘>Wv| 
Pigua*  1(1-24  shows  that  the  ajta'cment  between  the  theo¬ 
retical  and  nK'asua'd  values  of  Kl.P  davtiiiK  attenuation  rates 
is  excellent 

Theoretical  values  of  P.l.P  davliiiK'  relative  phase  ve- 
Uicitv  are  plotted  in  Pieure  10-25  for  faquencies  from  ^  H/ 
to  1000  M/  Also  plotted  are  various  valia's  of  c  f  deter¬ 
mined  tn>m  nwasurements  ot  atmospherics.  Piyure  10-25 
shviws  excellent  ajta'ciiKnt  between  the  theoretical  and  iwa- 
sured  values  of  c  f  lor  frequencies  above  .VI  H/.  and  fair 
aprecHKnt  for  frequencies  Kdow  50  11/ 


figure  III  (  jkuIjicJ  .irKi  nv.i>un.'d  iIjvIifik*  I  I  I  phjH-  vcUhiih*' 
iBvtnn.ixfof . 


Under  nighttina*  pnvpagation  corKlitions.  an  K  region 
bottom  where  the  electron  density  increases  very  sharply  is 
usually  encountered  below  the  altitude  h|.  Por  a  simple 
rntnlel  that  assumes  the  density  aNne  the  P  region  bottom 
to  vary  slowly  on  the  scale  of  the  haal  wavelength,  the 
prvipagation  constant  is  ((ireilinger  and  Greihnger.  1^701 

dv  -  \  h,/h„.  (10  .511 

and  the  attenuation  rate  is 


O.M.ff  \h,/h., 

\}V,  irtflih,  / 


(I0..52I 


where  h,  is  the  altitude  of  the  K  regitm  hvKtom  and  k„ni  is 
the  Itaal  w'avi.  numivr. 

NighttfnK  Pl.P  attenuation  rates  are  phHtcd  in  Figure 
10- 2h  for  Irequencies  from  40  H/  to  1000  H/.  The  calculated 
values  were  obtained  using  Wait’s  nighttime  ionospheric 
coraluctivity  miKlel  (with  a  reference  height  of  •}()  km  and 
scale  hetghi  of  2.5  kml  in  conjunction  with  P!quations  ( 10  51 ) 
and  ( 10.52 1.  anvl  assuming  the  height  of  the  P  regi«>n  bottom 
to  he  00  km  and  its  conductiv  ity  to  be  8  x  10  S/m.  .Also 
plotted  are  various  naasured  values  of  a  Figure  10-26 
shi'ws  that,  for  frequencies  fn*m  45  11/  to  800  M/.  there  is 
excellent  agreement  between  the  theoretical  and  the  meas¬ 
ured  values. 

In  ;iddiiion  to  ibeir  very  l-iw  .iite'.a;  *i!'''.i  rates.  PLP  ndio 
waves  below  aNnit  20.1  11/  c-in  penvirjtc  !<<ssy  nKtlia  and 
retain  usable  sireneths  ;o  subs*.;  nii;d  ile(>th>.  Thvrsc  leatures 
make  them  aitr;Klivi  for  c<*mmunii.atip.g  over  great  dis¬ 
tances  to  sub-surlace  iiK'ations  Por  example,  e’-en  for  sea 
water,  with  a  conducttv  itv  of  4  S'tii.  ilK  skin  depth  is  abiHil 
.46  m  al  a  frequency  of  50  H/, 


lO  > 


(  vkixtiljtcii  .inxi  HK  MMircx!  I  I  > 
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lt.2.U  AaomalaiK  F.I.F  Propapitian  (Xva>i<)nully  (he 
nighttime  field  strengths  measured  at  4<)  H/  to  KO  H/  have 
decreased  hy  4  dB  to  S  dB  in  the  mvrtheastem  United  States 
(Bannister.  I‘>7.S.  |<i8l)|.  Th«>sc  relatively  severe  nighttime 
fades  sometimes  occurred  during  the  several  days  following 
magnetic  storms,  when  similar  (hut  less  pronounced)  be¬ 
havior  was  found  t»»  coincide  with  phase  disturbances  or 
VLF  paths  acn>ss  the  northern  United  States.  These  short- 
path  (  - 1.6  Mm)  field  strength  reductions  might  have  been 
caused  by  enhanced  ionospheric  ionization  due  to  precipi¬ 
tating  electrons  from  the  radiation  belts.  However.' attempts 
to  cmrelate  the  fades  with  geomagnetic  indices  have  met 
with  limited  success.  SimutanecHis  measuremerits  taken  in 
Connecticut  and  the  North  Atlantic  area  during  the  mag¬ 
netically  quiet  period  of  early  March  1177  have  indicated 
some  of  these  anomalies  might  bas  e  been  caused  by  a  nutv- 
ing  ntKtumal  sporadic  H  laye'r. 

,  Caicnilations  by  Barr  1 1')77|  and  Pappert  and  Moler  |  I17H| 
show  that  rHK'tumal  spon.hc  F  can  produce  marked  maxima 
and  minima  in  the  propagation  characteristics  of  hl.F  radu> 
waves.  One  physical  explanation  for  the  effect  is  interfer¬ 
ence  between  waves  reflected  from  the  normal  F  region  and 
from  the  sporadic  F  region  Pappert  |I1K((|  showed  that  a 
sporadic  F  patch  orre  square  nKgameter  in  extent  could 
account  f»>r  the  6-X  dB  fades  that  have  been  observed.  .Sim¬ 
ilarly.  patches  ()..S  Mm'  in  extent  could  account  fivrthe  ntore 
commonly  observed  .^-4  dB  fades. 

Many  other  ionospheric  disturbances  can  cause  Fi.F 
propagation  anomalies,  including  those  assiK'iatc'd  w  ith  solar 
*-ray  flares,  energetic  electrons,  protons  fn>m  solar  particle 
events  tSPFst  in  the  polar  cap.  and  high-altitude  nuclear 
bursts.  The  attenuation  rate  can  in..-rease  easily  by  I  or  2 
dB/Mm  relative  to  normal  daytime  ci*nditions  during  such 
disturbances,  depending  on  the  wave  frequency  and  severity 
of  the  disturbance.  an*l  certain  naHlcrate  solar  proton  events 
can  cause  the  attenuation  rate  to  appmach  4  dB/Mm  at 
Hr  (Field.  Iix2b| 

10.2.2.4  .AnalysK  of  laileraily  Nnn-l'niform  Iono¬ 
spheric  IKsturhances.  Most  predictions  of  FI.F  fields  in 
the  carth-ionosplKTC  waveguide  have  used  a  WKB  nniihod 
described  by  Pappert  and  Molar  |I17X|  To  find  F-fields 
along  any  particular  radial  Iron-  the  transmitter,  that  nx-thod 
assunxs  the  properties  of  the  guide  to  depend  only  on  dis-  . 
(ance  from  the  transmitter  However,  even  such  large  in- 
bonxigerx'ities  as  sporadic  F  patches,  the  polar  sap  N>und- 
ary  .  and  the  day  night  termin.itor  can  cause  the  properties 
of  the  earth- ionosphere  waveguide  to  change  markedly  o'er 
the  huge  wavelength,  or  Fresns-I  zone,  of  an  FI.F  signal. 
Such  inhomogcneilis-s  can  cause  lateral  rcfls'ction.  diffr.K'- 
tion.  arxl  livusing  of  FI.F  nuKles,  Those  phenoiix-na  are 
usually  unimportant  at  higher  frequencies  where  the  earth- 
iorxrsphere  waveguide  can  be  assums-il  to  be  vary  slowly  in 
the  lateral  directions 

Ts>  handle  such  situations.  Field  and  Joiner  |  ll'^l.  I  'S21 
employed  an  integral  equ.ifon  appro.ich  for  analv/mg  prop¬ 


agation  in  the  earth- ionosphere  waveguide  where  conditions 
change  over  transverse  distances  comparable  with  a  Fresnel 
zone.  They  derived  an  expression  for  the  relative  cm>rs 
intnxiucc’d  by  neglecting  transverse  ionospheric  gradients 
over  the  path  and  found  (hat  the  WKB  mcthrxJ  is  inaccurate 
when  the  w  idth  of  a  disturbance  is  less  than  two  thirds  of 
the  width  of  the  , first  Fresnel  zone.  Further,  the  WKB  ap¬ 
proximation  significantly  overestimates  (he  propagation 
anomaly  when  the  disturbance  is  centered  near  the  propa¬ 
gation  path  and  underestimates  the  anomaly  when  the  dis¬ 
turbance  is  centered  far  off  path. 

Strong  hx'alized  disturbances  behave  like  a  cylindrical 
lens  filling  a  narrow  aperture;  Lateral  diffraction,  fivusing. 
and  reflection  cause  the  transverse  clc%tromagnetic  (TFM) 
nxxle  to  exhibit  a  transverse  pattern  of  maxima  and  minima 
beyond  the  disturbance  arel  a  standing/wave  pattern  in  front 
of  it.  The  ftx’ustng  and  diffraction  diminish  when  the  trans¬ 
verse  dinx'nsion  of  the  disturbance  approach-*'  the  w  idth  of 
the  first  Fresnel  zone,  typically,  several  megameters.  Re¬ 
flection  fnim  w  idespread  inhorravgeneities  can  be  important 
in  two  situations:  first,  fiw  great-circle  propagation  paths 
that  are  nearly  tangential  to  the  boundary  of  the  disturbed 
polar  cap;  and  secivnd.  when  the  TFM  nxide  is  obliquely 
incident  on  the  day/night  terminatiH.  in  which  ea;a;  a  phe- 
myrnenon  analogous  to  internal  reflection  can  ixcur. 


10.2.3  Long-Rangr  VLF/LF  Propagation 

Very'  low  and  low  frequency  iVI.F/LF)  waves  are  re¬ 
flected  from  the  lowest  regions  of  the  ionosphere  (the  D 
region  during  day  light  and  the  lower  F  region  at  night),  and 
apart  from  the  sunrise  and  sunset  periods,  exhibit  pn>pa- 
gation  characteristics  that  arc  very  stable  in  Nvth  phase  and 
amplitude.  The  I.F  band  t.JO  .VX)  kHz)  is  useful  fo-  com¬ 
munications  to' distances  ranging  from  hundreds  to  several 
thousand  kilometers,  shvvrter  than  the  almost  global  ranges 
achievable  at  VLF  but  much  longer  than  the  groundwavt 
distances  ni'imally  assvxialc'd  with  the  MF  hand. 

Beginning  in  1111  with  Austin,  vanous  empirical  for¬ 
mulas.  Jcduced  from  numerous  measurements,  have  been 
used  to  estimate  the  field  strengths  of  these  long  waves.  For 
example.  Pierce  derived  a  scmiempirical  formula  to  describe 
VLF  propagation  over  water  during  the  day.  That  formula, 
which  gives  the  vertical  electric  field  strength  at  a  distance 
d  fn>m  a  transmitter  having  a  radiated  power  P  tkw)  at 
frequency  f  (kHz),  is  (Watt.  I167| 

21.)  \P 

FtMV'm)  =  — exp  I  --  (i,2(d/a)  f"  '"I  ,  ( It)  .S.M 

Mond'a) 

where  a  is  the  riabus  of  the  earth  and  the  absorption  term 
is  the  exponential 

Mixlem  m.itbematical  approaches  for  predicting  the 
propagation  characicri-tics  of  Vl.F  LF  w  aves  are  formulated 
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in  tcfn;s>  of  a  conducting  xphcrical  eanh  surrounded  by  a 
concentric  electron-ion  plasma  (the  ionosphere)  into  which 
waves  are  launched  from  a  Hertzian  dipole  source.  The 
application  of  Maxwell's  equations  and  the  appropriate 
boundary  conditions  allow  the  electromagnetic  Held  to  be 
calculated  everywhere.  In  doing  this  the  earth  and  (he  ion¬ 
osphere  can  be  regarded  as  forming  a  waveguide  (wiihoui 
skic-wallsl  in  which  propagation  may  he  viewed  either  as 
a  series  of  wave  reflections  (wave-hops),  or  by  the  math¬ 
ematical  equivalent — traveling  wave  mtxles.  Generally,  it 
is  more  ctHrvenicnt  to  apply  the  waveguide  ttkxle  approach 
to  the  VLF  and  lower  LF  hand,  and  the  wave-hop  approach 
to  the  higher  LF  band,  as  described  below.  In  addition  to 
the  references  cited  under  the  speciHc  topics  that  follow, 
more  detailed  descriptions  of  the  features  of  VLF/LF  prop¬ 
agation  can  be  Hnind  in  the  works  by  Budden  1 1961 1.  Wait 
and  Spies  119641.  Wan  |l%7|.  Pappert  1I96«|.  Wait  1 19701. 
Galejs  119721.  Field  et  al.  1I976|.  and  the  AGARD  pro¬ 
ceedings  on  long  waves  edited  by  Belrose  1I9K2|. 

10.2.3.1  Waveguide  Modes.  In  the  waveguide-mode 
formulation  for  VLF/LF  propagation  an  arbitrary  propagat¬ 
ing  Held  is  regarded  a.s  being  composed  of  a  series  of  modal 
patterns  that  propagate  with  charac  teristic  phase  velocities, 
little  change  in  pattern  shape,  and  giadually  decreasing  am¬ 
plitudes.  Generally,  the  more  complex  (or  higher-order) 
(Ttodal  patterns  attenuate*  more  rapidly:  at  great  distances 
only  the  simpler  (lower-order),  modes  may  be  important. 
The  earth- ionosphere  cavity  exhibits  such  waveguide  fea¬ 
tures  as  cut-off  frequencies,  and  reflections  from  mis¬ 
matched  sections  caused  by  abrupt  changes  in  the  electrical 
properties  along  its  boundaries. 

The  field  at  a  point  in  the  waveguide  depends  on  how 
strongly  the  various  modes  are  excited,  and  upon  their  rel¬ 
ative  amplitudes  and  phases  at  the  observation  point.  Al¬ 
though  there  is  evidence  of  wave  focusing  in  the  vicinity 
of  the  point  antipodal  to  the  transmitter,  typical  field  strength 
versus  distance  curves  generally  shtiw  a  decreasing  trend, 
upon  which  are  superimptrsed  kKal  variations  due  to  modal 
interference. 

A  transmitting  antenna  modeled  by  a  vertical  current- 
element  produces  transverse  magnetic  (TM)  polarized  waves, 
which  have  a  magnetic  field  parallel  with  the  earth's  surface, 
while  the  electric  field  is  perpendicular  to  the  magnetic  field 
and  not  quite  vertical.  For  TM  waves,  the  earth-ionosphere 
waveguide  has  a  quasi  cutoff  frequency  during  the  daytime 
at  about  2  kHz.  Figure  10-27  illustrates  idealized  TM  wave 
vectors  and  naxle  patterns. 

Airborne  VLF/LF  transmitting  antennas  with  horizontal 
current  elements  excite  transverse  electric  (TE)  waves  with 
horizontal  electric  fields,  and  magnetic  fields  in  the  vertical 
plane.  Figure  10-27  illustrates  idealized  TE  wave  vecu>rs 
mode  and  waveguide  patterns.  In  general.  TE  fields  are  very- 
small  at  the  ground,  and  the  mtxles  are  difficult  to  excite 
with  groundbased  transmitters. 

Because  of  the  presence  of  the  geomagnetic  field  in  the 
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FAMILIES  Of  PROPAGATION  MOOES 


FifUK  iO-27  C)unclen<.iics  of  tiansverse  nujEnetk  (TMl  and  transverse 
electric  ITKI  waves  (Kossey  et  al..  I9H2|. 


ionosphere,  the  TM  and  TE  modes  are  not  entirely  inde¬ 
pendent.  but  are  coupled.  In  general,  when  an  electron  ac¬ 
quires  a  velocity  from  the  electric  field  of  the  wave  the 
magnetic  forces  cause  it  to  have  a  component  of  motion 
perpendicular  to  the  electric  field,  thus  causing  polarization 
conversion.  The  interaction  is  described  by  the  Appleton- 
Hartree  equation  (for  example,  see  Ratcliffe  11959]).  and 
the  polarization  conversion  has  been  demonstrated  experi¬ 
mentally  (as  reported  by  Bracewell.  et  al..  119511  Lewis, 
et  al..  11973)  among  others).  The  coupling  effect  is  most 
pronounced  at  night  when  the  waves  reflect  higher  in  the 
ionosphere,  where  the  electron-neutral  collision  frequency 
is  smaller  than  the  electnm  gyrofrequency, 

10.2.3.2  3K’avcguide  Propagation  Equethms.  The  de¬ 
tailed  equations  fur  VLF/LF  waveguide  propagation  are 
descrilved.  for  example,  by  Wait  1 1970).  Pappert  and  Bickel 
11970).  Galejs  )  1972).  and  Field  et  al..  11976).  To  illus¬ 
trate  the  key  dependencies  and  to  define  the  commonly 
used  notations,  they  are  given  here  for  the  case  when 
geomagnetic  anisotrophy  (that  is,  polarization  conver¬ 
sion)  effects  can  be  neglected.  That  appnrximation  is  fairly 
accurate  for  long-range  VLF/LF  propagation  under  nor¬ 
mal  daytime  conditions. 

Transvtnr  Magnetic  ITM)  Modes 

Conventional  gri-mnd-based  VLF/LF  transmitters  are 
vertical  and  their  fields  are  composed  of  a  superposition  of 
TM  waveguide  modes.  Following  Field  )  I982cl  the  vertical 
electric  field  is  given  by 


-  /  i-rr\  IL  cos  ilr 

Ev  =  -  I20in  expl - j - =— 

V  VAd 

exp  ^  -d  jG,(h,  Ki,(hRl  V/m. 
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where  the  subscript  j  denotes  quantities  asscKialcd  with  the 
jth  TM  nvidc.  IL  is  the  effective  electric  dipole  moment  of 
the  transmitting  antenna:  K  is  the  frcc-space  wavelength:  d 
is  the  distance  from  the  transmitter:  a  is  the  earth's  radius; 
and  c  is  the  speed  of  'ighl.  Included  is  a  factor  cos  ili — 
where  »li  is  the  angle  Min  the  dipole  orientation  and  the 
vertical — to  account  lor  inclined  transmitting  antennas  (cos 
«l»  =  I  for  a  vertical  electric  dipole).  Although  most  quan¬ 
tities  are  in  mks  units,  ali  distances  (L,  X.  d.  a)  are  expressed 
in  megameters. 

The  quantity  S,  is  essentially  the  eigenvalue  of  the  jth 
TM  mode  and  must  he  computed  numerically.  At  VLF. 
however.  S  has  a  magnitude  close  to  unity,  so  the  term 
S'  -  in  Equation  ( 10.54)  docs  not  appreciably  influence  the 
field.  The  magnitude  of  the  vertical  electric  field  depends 
on  the  state  of  the  i»>nosphere  through  three  parameters:  A, 
the  excitation  factor  for  the  TM  rntnlc;  a,  .  the  attenuation 
rate  in  decibels  per  megameter  of  propagation  (dB/Mm); 
and  G, .  the  height  gain  function  for  transmitter  and  receiver 
heights  h|  and  hn.  respectively.  The  phase  of  the  jth  mode 
is  governed  by  the  relative  phase  velcvity.  civ,  .  These 
pn>pagation  parameters  must  all  he  computed  numerically 
for  model  ionospheres  having  arbitrary  height  pntfilcs. 

Transverse  Klei  irw  (Tfj  Modes 

Airborne  VI.F/I.F  transmitters  use  long  trailing-wire  an¬ 
tennas  that  radiate  a  complicated  superposition  of  TM  and 
TE  modes.  Here  much  of  that  ctrmplexity  is  avoided  by 
considering  broadside  propagation,  where  the  great -circle 
path  connecting  transmitter  and  receiver  is  perpendicular  to 
the  plane  containing  the  inclined  electric-dip-ole  transmitting 
antenna.  The  vertical  electric  field  poxluccd  by  the  vertical 
comp»>nent  of  the  i.iclined  transmitting  antenna  is  given  by 
Equation  (10.55),  The  broadside  horizontal  electric  field 
prtxJuced  by  the  horizontal  comprtnent  is  given  by 


,,,.  /  iiT\  IL  sin  «1( 

-  I20iti  exp  1  —  - =- 

\  4  /  \  xd 

\  2  S,„  '  ■  \,„  exp  {  -  ~  )  ( 10. .55) 

>  sin  d/a  'V  K  7  / 

/  217)  c  \ 

••■'P  ^  '  y  j  G,„(hr)GjhK)  V/m. 


The  symNils  are  the  same  as  in  Edjuation  (10. .54),  except 
that  m  denotes  the  mth  TK  mixle. 

'0.2.3..^  TF/FM  Mode  Structure.  Equations)  10.  .Mi  ami 
III)  55l  'how  ,hai  each  iiiikIc's  contribution  to  the  field  is 
proponii>nal  to  the  product  of  four  quantities;  the  excitation 
factor  \.  the  ir.inMiiiltcr  height-gain  function  G(h|),  the 
receiver  height-gain  function  (i(hK».  and  the  propagation 
I.Ktor  c\p  (  «d  S  7 1  This  section  gives  calculated  values 
oi  these  tour  quantities  tor  a  nominal  ambient  daytime  ion¬ 
osphere  .ind  an  assumed  grounil  conducts  itv  ol  1(1'*  S  m. 
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Figure  to- IK.  Excilatiiin  facltirs  vs  frequency  for  lowest  three  TM  modes 
Ij  -  I . I. .f I  and  lowest  two  TE  modes  (m  =  l.2):ambienl 
day.  a  =  Ur*  S/m  |Field  el  af.  1976). 

TEITM  Exi  ituiion  Factors 

Figure  I0-2H  shows  the  frequency  dependence  of  the 
excitation-factor  magnitudes  of  the  first  three  TM  modes 
and  the  first  two  TE  modes.  The  first  three  TM  mtxies  are 
excited  equally  at  the  lower  VLF  frequencies,  but  above 
abxHit  .W  kHz  the  higher-order  TM  mixles  are  much  more 
.  effectively  excited  than  the  first  one.  The  TE  modes  are 
excited  much  more  prxrrly  than  the  TM  mtxles.  by  four  or 
five  tmlers  of  magnitude,  as  shown  in  Figure  10-28.  The 
efficiency  of  TE  mixle  excitation  relative  to  TM  mixle  ex- 
citatiiHi  improves  as  the  ground  conductivity  is  reduced.  For 
example,  at  20  kHz  the  TE  mixle  excitation  factors  are 
nearly  two  orders  of  magnitude  greater  for  a  10  '  S/m  con¬ 
ductivity  than  for  10  '  S/m.  On  the  other  hand,  the  excitation 
factor  for  the  lowest  TM  mixle  is  less  by  almost  an  order 
of  magnitude  if  the  conductivity  is  changed  in  the  same 
fashion. 

The  excitation  factors  also  depend  on  the  state  of  the 
ionosphere.  The  excitation  factors  as  defined  here  and  shown 
in  Figure  10-28  are  inversely  proportional  to  a  quantity  that 
beconK’s  the  “height  of  the  ionosphere"  in  the  limit  of, a 
sharply  bounded  ionosphere.  For  the  diffuse  ionospheres 
the  excitation  factors  at  the  lower  VLF  frequencies  are  roughly 
propoitiunal  to  the  inverse  of  the  average  height  at  which 
imjKirtant  reflcctuins  iK.'cur-  Thus,  one  would  expect  these 
factors  to  become  somewhat  larger  under  disturbed  condi- 
ti  >ns. 
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Figure  10-29.  Height-gain  facturs  for  lowest  three  TM  modes  (j  -  1 ,2,3) 
and  lowest  two  TE  rntxles  (m  =  1,2):'  ambient  day,  20 
kHz,  a  =  Ifr'  S/m  IField  et  al.,  1976). 


TEITM  Height-G'iin  Factors 

Thf  height-gain  factor  of  the  waveguide  mode  accounts 
for  the  effects  of  non-zero  transmitter  and  receiver  heights. 

The  transmitter  and  receiver  height-gain  factors  for  a  given 
mode  are  identical  and.  therefore,  are  equal  when  the  trans¬ 
mitter  and  receiver  are  at  the  .same  altitude.  Figure  10-29 
shows  computed  height-gain  factors  for  the  first  three  TM 
modes  and  first  two  TE  rntxles  for  a  frequency  of  20  kHz. 

These  height-gain  factors  exhibit  the  classic  height-depen¬ 
dences  for  antennas  over  a  highly  conductive  ground;  the 
TM  mode  height-gain  factors  are  of  the  order  of  unity  over 
most  of  the  waveguide,  except  for  some  rather  sharp  nulls; 
and.  above  a  few  kilometers,  the  TE  mode  height-gain  fac¬ 
tors  increa-sc  sharply  to  values  well  in  excess  of  one-hundred. 

For  elevated  antennas,  the  large  TE  mode  height-gain  factor 
mitigates  the  effects  of  the  small  excitation  factor,  and  these 
modes  can  be  excited  about  as  effectively  as  TM  modes. 

At  frequencies  above  about  30  kHz  the  first  TM  mode 
develops  a  broad  maximum  in  its  height-gain  factor  in  the 
40-60  km  altitude  range.  Such  ''whispering  gallery”  be¬ 
havior  is  not  impxirtant  for  ground-based  or  airborne  ter¬ 
minals.  but  may  be  significant  for  very  high.  balliKin-bome. 
terminals  operating  at  higher  frequencies  jVideberg  and  Sales, 

19731. 

TEITM  Anenuation  Rates 

Figure  10-30  shr»ws  attenuation  rates  as  a  function  of 
frequency  for  the  first  three  TM  modes  and  the  first  two  TE 
modes.  The  higher  order  modes  are  more  heavily  attenuated 
than  the  lower,  which  often  allows  them  to  be  neglected  at 
VLF  for  long  path-lengths.  At  the  higher  frequencies,  the 
attenuation  of  the  higher  order  modes  can  be  mitigated  by 
efficient  excitation.  Under  normal  conditions,  therefore,  it 
is  usually  necessary  to  retain  many  teirns  in  the  mode  sums 
for  frequencies  throughout  the  LF  band.  It  that  case,  geo¬ 
metric  optics  is  often  a  more  convenient  approach  to  prop- 

10-31 


FREQUENCY, kHz 


Figure  10- .30.  Alicnuation  rales  vs  frequency  for  lowesi  three  TM  modes 
(j  =  1.2.3)  and  lowesi  two  TE  nuxtes  (m  =  1,2):  ambient 
day.  IT  =  lO"'  S/m  [Field  el  al..  1976). 

agation  analysis  than  is  mode  theory.  In  intense  distur¬ 
bances,  however,  higher  order  modes  are  much  more  severely 
attenuated  than  lower,  and  the  mode  sum  can  be  used  well 
into  the  LF  regime.  Figure  10-30  shows  that  the  first  TE 
mode  is  slightly  less  attenuated  than  the  first  TM  mode, 
although  that  result  depends  on  the  specific  normal  daytime 
conditions  and  ground  conductivity  assumed. 

Figure  10-31  illustrates  the  ground  conductivity  depien- 
dence  of  the  attenuation  rates  of  the  first  TM  and  TE  modes 
at  20  kHz.  Results  are  given  for  normal  daytime  conditions 
and  a  moderate  ionospheric  disturbance,  such  as  a  solar 
proton  event  (SPF).  The  disturbance  increases  the  atten¬ 
uation  rate  of  both  polarizations  over  normal  values.  How¬ 
ever,  the  TE  attenuation  rate  is  virtually  independent  of 
ground  conductivity,  whereas  the  TM  rate  exhibits  a  strong, 
broad  maximum  for  conductivities  between  10"^  and  10  '* 
S/m,  where  the  TM  eigenangle  is  near  the  Brewster's  angle 
of  the  ground.  The  TM  mode  propagates  somewhat  better 
than  the  TE  mode  for  most  common  ground  conductivities, 
but  propagates  much  worse  over  low-conductiviiy  ground, 
such  as  (Kcurs  throughout  Greenland  and  much  of  Canada. 
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Figure  10-31,  Aitcnuation  rales  of  the  lowest  order  TM  and  TE  models 
vs  ground  conductivity,  for  20  kH?.  under  normal  daytime 
and  mtxicrately  disturi>;d  ionospheric  condition.;  (Field  et 
al..  19761. 

Although  these  insults  pertain  to  a  frequency  of  20  kHz, 
curves  for  other  frequencies  exhibit  the  same  general  be¬ 
havior.  The  main  difference  is  that  the  Brewster's  angle 
peak  in  the  TM  attenuation  rate  occurs  at  higher  values  of 
conductivity  for  higher  frequencies,  and  vice  versa. 

Except  for  propagation  over  very  low-conductivity  ground, 
TE  modes  are  more  vulnerable  than  TM  mode  to  degradation 
in  disturbed  ionospheric  environments.  In  the  VLF  band, 
for  example,  the  TE  mode  attenuation  becomes  prohibitive 
for  intense  disturbances,  as  illustrated  in  Figure  10-32. 
TEITM  Signal  Strengths  Versus  Distance 
Figure  10-33  shows  20  kHz  TE  and  TM  signal  strengths, 
computed  as  a  function  of  distance  for  ambient  and  intensely 
disturbed  ionospheric  conditions.  The  curves  provide  a  di- 


Figure  10- .^2  .Atfenualitm  rates  of  the  lowest  «^rdcr  TM  and  TE  modes. 

f«)r  disturhctl  ionospheric  eimdititins  and  a  perfectly  con¬ 
ducting  earth  |Field  et  al  .  1976). 
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Figure  I0-J3.  TETTM  signal  strengths  vs  distance  for  ambient  day  and 
intensely  disnirbed  ionospheric  conditions:  20  kHz.  tr  =  10"' 
S/m.  10  degree  antenna  inclination  and  transmitter  and 
receiver  at  12.2  km  IField.  1982c]. 

rect  comparison  of  TE  and  TM  polarized  signals  radiated 
broadside  from  a  trailing-wire  antenna  inclined  10  degrees 
with  respect  to  the  horizontal.  Both  the  transmitter  and  the 
receiver  arc  assumed  to  be  at  an  altitude  of  12.2  km,  and 
the  propagation  path  is  over  poorly  conducting  earth 
(a  =  lO"’  S/m). 

In  Figure  10-33  the  ambient  signals  exhibit  nulls  and 
enhancements  at  ranges  up  to  several  megameters,  caused 
by  interference  among  sever?.!  propagating  waveguide  modes. 
At  greater  distances,  the  higher  order  modes,  which  are 
more  heavily  attenuated  than  the  lower  order  modes,  di¬ 
minish  in  importance  and  the  signals  fall  off  smoothly  with 
distance.  The  curves  also  reveal  several  differences  between 
signals  in  ambient  and  disturbed  environments.  First,  and 
most  important,  if  at  least  2  or  3  Mm  of  the  path  are  dis¬ 
turbed  the  disturbed  signals  fall  wel!  below  the  ambient 
signals.  Such  behavior  is  typical  during  strong  .solar  proton 
events  in  the  polar  regions,  and  results  when  such  wide¬ 
spread  ionospheric  disturbances  depress  the  effective  height 
of  reflection  in  the  ionosphere  significantly.  Second,  mode 
interference  patterns  are  nearly  absent  in  disturbed  environ¬ 
ments,  indicating  that  heavy  attenuation  of  the  higher  order 
modes  leaves  bniy  the  lowest  order  modes  to  contribute 
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significantly  to  the  signal  strengths.  Third,  at  ranges  under 
approximately  1 .5  Mm,  the  disturbed  signals  can  be  stronger 
than  the  ambient  signals,  because  the  disturbed  environment 
increases  the  mode  excitation  factors  but  destroys  interfer¬ 
ence  nulls.  However,  if  the  disturbance  covers  most  of  the 
path,  but  not  the  transmitter  and  receiver,  the  attenuation 
rates  increase  but  not  the  the  excitations. 

In  Figure  10-33  the  ambient  TE  signal  is  stronger  than 
the  TM  signal  at  all  distances,  owing  primarily  to  the  rel¬ 
atively  high  transmitter  a.nd  receiver  altitudes  and  the  nearly 
horizontal  antenna  orientation  assumed  in  the  calculations. 
Under  the  disturbed  condition,  the  TE  signal  is  more  ad¬ 
versely  affected  than  the  TM  signal  and  falls  below  it  at 
most  distances;  however,  as  indicat'd  by  Figure  10-31.  if 
the  surface  conductivity  was  reduced  sufficiently,  the  TE 
signal  would  again  become  stronger  than  the  TM  signal. 


tO.2.3.4  Numerical  Modeling  of  VEF/LF  Waveguide 
Propagation.  Numerous  sophisticated  computer  pro¬ 
grams  have  been  developed  for  making  VLFA^F  field  strength 
predictions.  As  described  by  Morfitt  et  al.  1 1982],  the  model 
developed  at  the  United  States  Naval  Ocean  Systems  Center 
(NOSC)  is  particularly  attractive  in  that  it  in'  ^jorates  (1) 
arbitrary  electr-sn  and  ion  density  disiribution.t  and  collisiott 
frequency  (with  h''ightt,  and  (2)  a  lower  boundary  that  is  a 
smooth  homogeneoi.  earth  characterized  by  an  adjustable 
surface  conductivity  and  dielectric  constant.  The  model  also 
allows  foriearth  curvature,  ionospheric  inhomogeneity,  and 
anisotropy  resulting  from  the  geomagnetic  field.  In  addition, 
air-to-air,  ground-to-air,  and  air-to-ground  TEi/TM  propa¬ 
gation  predictions  can  be  made  involving  a  horizontally 
inhomogeneous  waveguide  chamitl.  The  NOSC  waveguide 
model  can  be  used  for  computing  long  wave  fields  at  fre- 
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Ft^rurc  Id-  ^5  t>  da\iit^‘  st^njl  cjk'ul;<fHwis  fttr  mklljiitude  prttpjigafHin 
IPjppcrt.  IWI| 

qucni.'ie>  as,  high  as  30()  kH?  fiir  daytime  propagation  |Pap- 
pert.  1981 1  and  a--  high  as  60  kH?  fw  nighttime  propagation 
IMortitt  et  al..  I982|.  Figures  10- .Vt  and  10-35  show  rep¬ 
resentative  TM  signal  strengths  computed  by  NOSC  for 
nominal  dastime  and  nighttime  nvxJcIs  of  the  ionosphere 
appnipriate  tor  midlatitudes,  and  Tor  propagation  o'-'cr  water. 
At  VLF.  many  of  the  propagation  predictions  have  biren 
validated  by  NOSC  airborne  measurements,  such  as  those 
described  by  Bickel  et  al.  |I970|. 

10,2.3.5  Other  VLF/I-F  Propagation  Prediction 
Techiiiqiies.  In  addition  to  the  waveguide  mode  formu- 
lati.Kis  a  number  of  other  mathematical  techniques  have  been 
developed  for  describing  the  pmpagation  of  VLF/LF  waves. 
These  iiiclude  the  zonal  harmonic  oi  spherical  wave  analysis 
tnediod  |Jt>hlcr.  1964.  I966|  and  the  wave -hop  method  |Bcny. 
I9M,  and  Berry  and  Chrisman,  1965).  The  spherical  wave 
technique  has  the  attractive  feature  that  it  can  model  va»i- 
a'lons  in  height  in  the  earth-.. rnosphere  cavity,  but  it  requires 
the  use  of  large-scale,  very  fast,  digital  computers  for  its 
implementation.  For  the  higher  VLF  and  LF  frequencies  the 
wave-hop  metiKxl  requia*s  the  least  computing  time,  but  it 
has  mu  been  formulated  in  a  way  that  lends  itself  to  modeling 
of  discontinuities  in  the  earth- ionosphere  duct  |Jones  and 
Mowhirth.  l9,X2i. 

In  the  wave-hop  approach  the  field  strength  at  any  point 
is  the  sum  of  the  grourulwave  (see  r»ection  10.2.1)  and  a 
series  of  "hops."  which  represent  waves  that  have  been 
reflected  from  the  ionosphere  andArr  the  ground.  The  hops 
are  numhcied  according  to  the  number  of  times  they  have 
been  reflected  from  the  ioiiosf  .lerc,  Fach  reflection  results 
in  a  reducti(>n  in  hop  amplitude  so  that  usually  a  relatively 
small  numhei  of  hops  are  needed  to  provide  good  field- 
strength  estimates  For  VLF  propagation  at  distances  less 
than  aNtut  MKK)  km  and  for  LF  propagation,  in  general,  the 
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number  of  hops  required  to  describe  the  signal  stiengths  are 
less  than  the  number  of  waveguide  modes  that  are  required. 
Tiie  most  general  wave-hop  formulations  describe  the  prop¬ 
agation  of  TE/TM  waves  excited  by  an  inclined  dipole  over 
a  spherical  earth  with  an  anisotropic  ionosphere  (Lewis, 
1970).  In  addition  to  these  sophisticated  wave-hop  tech¬ 
niques.  other  (simpler)  approaches  have  been  developed  that 
provide  good,  quick,  estimates  of  VLF/LF  signal  strengths, 
but  without  showing  such  propagation  features  as  wave  in¬ 
terference  phenomena  or  polarization  conversion  effects  (e  g., 
fee  Lewis  and  Kossey,  1975).  , 

10.2.3.6  VLF/LF  Probing  of  the  Ionosphere.  Hie 

propagation  of  long  radio  waves  to  great  distances  is  con¬ 
trolled  by  the  lowest  regions  of  the  ionosphere  (usually  the 
lower  E  region  and  the  D  region).  As  such,  the  variations 
in  the  amplitudes  and  phases  of  propagating  long  waves  ^ 
very  sensitive  indicators  of  changes  in  the  lower  ionosphere. 
It  is  not  surprising,  therefore,  that  in  addition  to  their  uses 
for  long-range  communication  and  navigation  long  waves 
are  used  to  assess  the  state  of  the  lower  iot.osphere  and  as 
a  t  /ol  fo!  characterizing  some  of  ij;  properiies. 

Because  of  the  extremely  long  wavelengths,  ELF  waves 
are  affected  by  the  electron  and  ion  densities  that  are  pre.sent 
over  a  very  large  range  of  altitudes.  At  night,  for  example, 
that  altitude  range  can  extend  from  below  50  km,  to  well 
up  into  the  F  region.  Similarly,  under  disturbed  conditions 
the  electrons  and  ions  at  altitudes  appreciably  below  50  km 
can  play  an  important  (if  not  dominant)  role  in  ELF  prop¬ 
agation.  However,  owing  to  the  difficulties  involved  in  in¬ 
terpreting  long-path  ELF  propagation  data  (which  tend  to 
repre.sent  an  “average"  of  the  state  of  the  ionosphere),  ELF 
has  not  been  used  extensively  for  ionospheric  research. 

The  propagation  of  VLF/LF  radio  waves  is  controlled 
by  the  region  of  the  ionosphere  below  about  90  km  at  night 
z.id  helow  75  km  during  the  day.  Unlike  ELF,  the  obser- 
s'a.ion  of  the  signal  characteristics  of  VLF/LF  waves  has 
provided  a  relatively  simple  ground-based  technique  for  ex¬ 
ploring  the  state  and  nature  of  the  lower  ionosphere.  The 
technique  has  proven  to  be  especially  sensitive  for  moni¬ 
toring  ionospheric  disturbances,  such  as  those  produced  by 
solar  X  lay  flares  (for  example,  see  Reder,  1969  and  Kossey 
and  Lewis,  1974).  geomagnetic  storms  (Belrose  and  Thomas, 
1968),  electron  precipitation  events  (Potemra  and  Rosen¬ 
berg.  1973).  ionospheric  substorms  (Svennesson,  1973), 
polar  cap  jbsorptirn  events  (Oelbermann.  1970),  and  high 
altitude  nuclear  bursts  (Frisius  et  al.,  1964  and  Field  and 
Engle,  l%5|.  The  observation  of  continuous-wave  trans¬ 
missions  over  very  long  propagation  paths  has  often  been 
used  for  monitoring  because  such  paths  pro\  ide  coverage 
over  very  large  geographical  areas.  As  with  ELF,  however, 
a  disadvantage  of  such  long  path  observations  is  that  the 
effects  of  relatively  localized  disturbances  are  integrated, 
or  smix>thed-oul.  making  it  difficult  to  obtain  information 
on  the  severity,  extent,  and  structure  of  the  disturbed  region 
of  the  ionosphere. 
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Steep-incidence  (that  is,  short-path)  VLF/LF  propaga¬ 
tion  techniques  provide  data  on  more  localized  regions  of 
the  ionosphere.  However,  with  continuous- waves  the  direct 
and  reflected  components  (groundwave  and  skyw  aves)  over¬ 
lap  in  space  and  time  and  can  only  be  resolved  indirectly 
oy  observing  the  interference  pattern  on  the  ground  |Hol- 
lingworth.  1926)  or  by  direct  interpretation  of  diurnal  pha.se 
and  amplitude  changes  (Bracewell  et  al.,  1951).  For  ex¬ 
ample.  the  interference  patterns  produced  by  the  giound- 
wave  and  skywave  from  a  16  kHz  transmitter  were  used  by 
Bracewell  and  Bain  1 19.^2)  to  first  suggest  the  presence  of 
tivo  ionized  layers  well  below  the  ionospheric  E-region. 

Phase  and  amplitude  observations  can  be  used  to  char¬ 
acterize  the  steep-incidence  VLF/Lp  reflection'  properties  of 
the  lower  ionosphere.  Of  particular  interest  is  the  use  of  the 
data  to  determiite  effective  heights  of  reflection  and  effective 
plane  wave  reflection  coefficients  of  the  ionosphere  (Brace- 
well  et  al.,  I9SI  |.  Such  experimental  data  can  be  compared 
directly  with  that  obtained  theoretically,  using  full-wave 
computational  techniques  in  conjunction  with  electron  den¬ 
sity  and  collision  frequency  models  of  the  ionosphere  (for 
example,  see  Budden,  l%l,  Pitteway.  1965  and  fnoue  and 
Horowitz,  1968).  Thus,  the  experimental  data  can  be  used 
to  validate  theoretical  tiKxlels  of  the  ionosphere,  such  as 
those  obtained  from  the  chemistry  of  the  upper  atmosphere. 
In  addition  the  data  can  be  used  to  develop  and  validate 
phenomological  models  of  tbe  lower  ionosphere,  important 
for  long  wave  propagation  prediction  (for  example,  see  Bain. 
1982). 

More  recently,  with  the  advent  of  high-resolution  VLF/LF 
pulse  ionosounding  [Lewis  et  al.,  1973|  it  became  possible 
to  observe  ionospheric  reflections  free  of  the  ambiguities 
of  the  groundwave  and  skywave  interference  phenomena 
characteristic  of  continuous-wave  measurements.  The  tech¬ 
nique  has  been  used  to  obtain  a  variety  of  steep-incidence 
reflection  data  at  low-,  mid-,  and  high  geomagnetic  latitudes 
(Lewis  et  al.,  1973  arid  Kossey  et  al..  1974),  and  to  in¬ 
vestigate  features  of  the  C-layer  of  the  daytime  ionosphere 
(Rasmussen  et  al.,  1980  and  Rasmussen  et  al.,  1982).  The 
technique  provides  a  re  atively  dw  .;ct  means  for  determining 
VLF/LF  ionospheric  reflection  heit  his  and  effective  plane 
wave  reflection  coefficients,  which  then  can  be  used  to  de¬ 
velop  electron  density  models  of  the  lower  ionosphere  (Kos- 
scy  et.al  .  1983). 

The  inversion  of  steep-incidence  VLF/LF  reflection  data 
to  obtain  electron  density  .Tiodels  of  the  lower  ionosphere 
is  not  an  easy  task.  Under  quiet  ionospheric  conditions  it 
is  especially  difficult,  since  usually  the  polarization  con¬ 
version  effects  of  the  geomagnetic  held  cannot  be  ignored. 
Nevertheless,  mathematical  approaches  that  employ  full- 
wave  and  iterative  computational  techniques  have  been  dcx 
veloped  and  applied  with  some  success  |for  example,  see 
Shellman.  1970  and  Field  and  Warber,  1984).  Under  dis¬ 
turbed  ionospheric  conditions  and  certain  daytime  ambient 
conditions,  when  the  VLF/LF  reflections  are  control|(?d 
primarily  by  ionization  below  about  70  km,  the  effects  of 


the  geomagnetic  field  arc  greatly  diminished  and  the  iorto- 
sphere  can  be  assumed  isotropic.  Under  such  conditions  the 
mathematical  inversion  problem  becomes  somewhat  simpler. 
Field  et  al.  ( 1983)  have  developed  an  inversion  technique, 
appropriate  for  isotropic  propagation,  which  has  been  used 
in  conjunction  with  VLF/LF  pulse  reflection  data  to  de¬ 
rive  conductivity  profiles  jf  tl.e  severely  disturbed  polar 
ionosphere. 

A  problem  with  profiles  calculated  by  inversion  is  that 
of  nonuniqueness,  which  can  be  caused  by  either  incom¬ 
pleteness  of  data  or  the  nonlinear  dependence  of  the  reflected 
signal  on  the  propagation  medium.  In  addition,  the  profiles 
characterize  narrow  regions  of  the  ionosphere,  since  the 
propagation  data  contain  information  about  only  those  al¬ 
titudes  where  the  ionosphere  interacts  appreciably  with  the 
reflected  wave. 

The  altitude  constraints  arc  even  more  severe  if  long 
path  propagatioi,  data  are  u.sed.  rather  than  steep-incidence 
reflection  data.  Nevertheless,  some  effort  has  been  devoted 
to  deducing  the  structure  of  the  ionosphere  from  long  path 
data.  As  described  by  Crain  (1970).  the  data  in  this  case 
are  the  attenuation  rates  and  phase  velocities  of  the  prop¬ 
agating  waveguide  modes,  and  the  analysis  is  a  trial-and- 
error  technique  effectively  to  find  an  ionospheric  conduc¬ 
tivity  profile  which  provides  a  waveguide  mode  or  wave 
hop  structure  that  agrees  with  the  observed  distribution  of 
radio  field  strength. 

In  essence  the  long-path  technique  is  similar  to  the  steep- 
incidence  approach  insomuch  as  ionospheric  reflection  coef¬ 
ficients  are  calculated  as  an  intermediate  step  in  obtaining 
the  mode  constants.  In  order  to  synthesize  the  total  field  as 
measured,  one  has  to  take  care  to  add  in  as  many  modes  as 
contribute  to  the  field.  This  can  add  a  great  deal  of  com¬ 
plexity  to  the  application  of  the  technique.  Nevertheless, 
the  technique  has  been  applied  with  much  success  to  develop 
phenomenological  models  of  the  lower  ionosphere.  Al¬ 
though  such  mixlels  may  not  be  consistent  in  all  respects 
with  those  derived  from  detailed  analyses  of  the  aeronomy 
of  the  upper  atmosphere,  they  have  found  widespread  aj>- 
plication  in  long  wave  propagation  prediction  codes. 

The  results  obtained  by  Bickcl  et  al.  11970).  Morfitt 
11977)  and  Ferguson  11980)  are  especially  noteworthy  in 
that  regard.  They  have  performed  detailed  analyses  of  a 
large  volume  ,and  a  wide  variety  of  VLF/LF  propagation 
data  and  have  derived  analytic  mrxlels  of  the  lower  iono¬ 
sphere  for  propagation  prediction.  Those  nuxlels  are  simply 
exponential  height-profiles  of  conductivity,  w'lich  can  be 
specified  by  only  two  parameters,  scale  height  and  reference 
height.  Following  Wait  and  Spies  (19641  the  conductivity 
parameter,  w,.  depends  on  the  ratio  of  electron  density  to 
electron-neutral  collison  frequency,  and  is  taken  to  he  of 
tf;.-  form  w,t7)  -  2.5  x  10'  exp  ((3(z-H'l).  where  z  (km) 
is  altitude.  (3  is  the  inverse  scale-height  tkn'i  ')  and  IF  (km) 
is  a  roferenee  height  The  value  of  electron  density  Ntz). 
in  eleetrons/eiiT,  is  calculated  as  a  function  of  height  by  the 
equation  Ntz)  =  1.43  x  10'  cxp((3(z-H')  -  ().  15z).  The 
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Table  10-5  S«i|;;e%lcil  ctpeKmial  pnibtcs  fiw  u>e  in  king  »ave  pnipagalHm  ptniiclkm  codes  Krcqucncies.  f.  are  in  kH?  {Mortin  e(  al..  I9X2|. 


Sea.sonal-Diumal 

Propagation 

Condition 

H'  (km) 

p(km') 

Magnetic  Dip  (®) 

Summer  day 

Summer  night 

Winter  day 

Winter  night 

70 

87 

74 

80 

Linear  change 
middle  latitude 

0,5 

0.0077f  +  0.31 

0.3 

0.035f  -  0.025 
(I0<  f  <  35) 
xtween  high  and 

0.0077f  +  0.31 

90-75 

(high  latitudes) 

(transition  latitudes) 

<70 

(middle  latitudes) 

collision  frequency  v  (collisions/s)  is  given  by 
viz)  =  ,1.112  X  10"  exp(-O.I5z).  Table  10-5  gives  ex¬ 
ponential  profiles,  bavxl  <in  VLF/LF  propagatkm  data,  which 
are  suggested  for  use  in  long  wave  prxspagation  prediction 
codes  IMorfitt  et  al..  I982|. 

10.2.4  MF  Propagation 

At  night  medium  frequency  sUywaves  can  paipagate  to 
considerable  distances  with  relatively  little  attenuation,  but 
during  the  day  the  skywaves  are  severely  attenuated  in  pass¬ 
ing  through  the  ionospheric  D-region.  so  that  only  the 
groundwave  provides  usable  signals.  Thus,  during  the  day¬ 
time  MF  signals  are  very  stable,  while  at  night  they  are 
much  less  so  owing  to  the  variability  of  the  lower  E-region 
of  the  ionosphere,  and  to  interferences  between  the  ground- 
wave  and  skywaves, 

10.2.4.1  MF  Groundwave  Propagation.  The  pmpaga- 
tion  of  MF  groundwaves  can  be  described  using  the  tech¬ 
niques  discussed  in  Section  10.2.1.  Because  of  the  shorter 
wavelengths,  however,  such  factors  as  the  earth's  atmos¬ 
phere  (and  hence,  the  effective  radius  of  curvature  of  the 
earth),  terrain  elevation,  conductivity  changes,  and  trees  an  J 
buildings  along  the  propagation  path  usually  influence  MF 
groundwave  characteristics  to  much  larger  extents  than  they 
(ki  for  VLF/LF  waves.  Most  of  these  effects  can  produce 
stning  local  interference  patterns  in  the  amplitudes  of  MF 
groundwaves  (Knight.  1982  and  Hizal  and  Fer.  1982). 

10.2.4.2  MF  Skywave  Propagation.  Bee.;use  there  are 
so  many  factors  that  affect  the  characteristics  of  MF  sky¬ 
waves.  it  is  diflicult  to  draw  a  representative  set  of  propa¬ 
gation  curves.  These  factors  include  the  losses  asscKiated 
with  an  imperfectly  conducting  earth  at  the  transmitter  and 
receiver,  polarization  coupling  losses  that  depend  on  the 
geomagnetic  field,  ionospheric  absorption  losses,  and  losses 


associated  with  ground-reflections  on  multi-hop  paths  (see 
Figure  10- .^6).  The  pniblem  is  further  compounded  in  that 
the  ionospheric  absorption  los.ses  alone  show  significant  short- 
period  and  day-to-day  variations,  as  well  as  diurnal,  sea¬ 
sonal.  latitudinal,  and  solar-cycle  effects  (Knight.  I982|. 

A  number  of  techniques  have  been  developed  to  estimate 
MF  field  strengths.  A  relatively  simple  technique,  based  on 
an  empirical  fonnula  has  been  adopted  by  the  CCIR  (CCIR, 
19781.  A  more  complex  wave-hop  method  has  also  been 
developed  by  Knight  ( 19751.  Figure  10:37  shows  computed 
ionospheric  losses  over  the  500-I5(X)  kHz  band  for  single¬ 
hop  paths  at  mid-  and  low  geomagnetic  latitudes.  In  the 
auroral  zones  the  ionospheric  losses  are  somewhat  greater 
than  those  shown  in  the  figure,  and  the  estimates  do  not 
apply  if  the  waves  penetrate  the  E-layer  and  are  reflected 
by  the  F-layer.  The  latter  is  mt)st  likely  to  occur  at  fre¬ 
quencies  afxwc  I5(X/  kHz  (Knight.  19821. 

10.2.4.3  Effect  of  MF  Waves  on  the  Ionosphere.  Even 
relatively  small  electromagnetic  fields  impart  appreciable 
energies  to  the  electrons  in  the  ionosphere  causing  their 
terriperatures.  and  consequently  their  thermal  veUxrities.  in¬ 
crease.  This  increases  the  effective  electron-neutral'collision 
frequency;  as  a  result,  the  complex  dielectric  constant  of 


Figure  10- .V>.  LtAMjs  asvtK'iuicd  with  MF  skvwavc  prt)pagation 

m2]. 
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Figure  10* .^7  Computed  MF  H>oospheric  fefWctKm  kn>es;— 

pn>pagj|ion  ai  all  iafiiudcs.-"north'NOuth  propagalHW  ai 
ihc  magnetic  equator  |Kmghl.  l4H2t. 


the  medium  becomes  appreciably  dependent  on  the  field. 
Thus,  the  assix'iated  physical  pnKCsses.  and  the  differential 
equations  which  describe  the  radio  wave  propagation  in  the 
ionosphere,  become  mm-linear.  This  gives  rise  to  various 
phenomena,  including  cross-modulation  and  de-modulation 
which,  in  principle,  can  be  observed  experimerttally.  The 
effects  depend  on  wave  frequency  and  the  collision  fre¬ 
quency  and  arc  such  that  they  have  been  mainly  observed 
in  the  MF  hand,  particularly  at  night. 

The  main  influence  of  the  non-linear  effects  on  the  prop¬ 
erties  of  radio  waves  reflected  from  the  ionosphere  manifest 
themselves  throug'.  self-ir.terfercncc  of  the  wave;  that  is.  its 
influence  on  itself,  and  the  interaction  between  a  number 
of  waves.  These  waves  can  be  of  the  same  frequency,  or 
two  independent  mtxiulatcd  or  unmixlulated  waves  of  dif¬ 
ferent  frequencies.  An  early  observation  of  such  an  effect, 
the  so-called  Luxemburg  effect,  was  reported  by  Tellegen 
|l9.t.t|  who  noted  that  the  signal  .receivk.d  in  Holland  from 
a  6.S0  kHz  Swiss  station  appeared  to  be  mtxiulated  by  the 
signals  from  a  powerful  station  at  Luxemburg  {252  kHz). 
This  phenomenon  of  cross-mtalulation  has  been  found  to  be 
quite  common  when  the  unwanted,  or  disturbing,  station  is 
situated  near  the  transmission  path  of  the  wanted  wave  |sce 
Davies.  'I%9  and  Al'pert.  I960|. 

Although  'he  phenomenon  of  ionospheric  cross-mixlu- 
lation  or  Luxemburg  effect  was  discovered  accidentally,  it 
has  been  systematically  investigated  ever  since  its  discov¬ 
ery.  The  motives  of  the  earliest  theoretical  and  experimental 
investigations  were  interest  in  the  effect  itself  and  the  pos¬ 
sible  use  of  the  effect  for  probing  the  ionospheric  regions 
in  which  the  cross-mixlulaiion  iKcurs  [Fejcr.  197()|.  In  the 
latter  ease  techniques  have  been  developed  to  obtain  D- 
region  parameters  such  as  electron  density  and  'collision 
frequency  profiles. 

•Another  .MF  probing  technique,  the  "partial  reflection” 
experiment,  has  proven  to  be  a  valuable  methixf  for  ob¬ 
taining  quantitative  measurefticnts  of  electron  distributions 
in  the  lower  ionosphere.  It  has  been  one  of  the  most  exten¬ 
sively  employed  techniques  for  synoptic  studies  of  the  ion¬ 
osphere  below  l(X)  km  IBelrose.  1970.  1972). 


10.2.5  Long  Wave  Propagation  Through 
the  lonoftphere 

Electixrmagnetic  waves  cannot  propagate  in  an  ideal 
plasma  unless  the  wave  frequency  is  less  than  the  plasma 
frequency .  or  approximately  8980  N .  w  here  N  is  the  number 
of  electrons  per  cubic  centimeter.  Thus,  a  density  only  slightly 
more  than  I  el/cm'  would  suffice  to  completely  reflect  a  9 
kHz  wave.  The  well-known  "whistler"  phenomenon,  how¬ 
ever.  demonstrates  that  under  certain  conditions  long  waves 
can  penetrate  even  througli  the  F-max  region  of  the  iono¬ 
sphere.  where  the  electron  density  is  one  hundred  thousand 
times  larger  than  would  produce  complete  opacity  if  the 
ionosphere  were  a  simple  plasma.  The  long  wave  ionos¬ 
pheric  transmission  window  is  due  to  the  geomagnetic  field 
of  the  earth,  which  constrains  the  electron  motion  produced 
by  electromagnetic  waves  incident  on  the  ionosphere.  As 
such  the  magnetic  field  provides  a  propagation  mechanism. 

The  term  “whistler”  refers  to  an  audio-frequency  phe¬ 
nomenon  associated  with  lightning  discharges  in  the  lower 
atmosphere.  Electromagnetic  energy  at  audio  frequencies 
emitted  by  such  discharges  propagate  in  the  ionosphere  in 
a  highly  dispersive  manner.  The  higher  frequencies  travel 
faster  than  the  lower  ones  with  the  result  that  the  signal, 
which  was  originally  impulsive,  is  received  over  a  relatively 
long  time  interval  with  the  frequency  generally  descending 
with  time  (hence,  a  whistling  sound). 

Extensive  studies  have  been  made  to  determine  the  prop¬ 
erties  of  whistlers  1  for  example,  see  Storey .  195.^.  RatcMffe. 
I9.S9.  Pitteway.  1965  and  Hclliwetl.  1965).  Their  results 
I  Watt.  1967)  show  that  from  the  complete  expression  of  the 
Appleton-Hartrec  ^;uations  for  the  refractive  index,  ap¬ 
proximate  expressions  can  be  developed  which  give  insight 
into  the  nature  of  the  whistler  m<xle.  For  example,  the  en¬ 
ergy  transmitted  thiough  the  ionosphere  is  well-coupled  to 
the  whistler  mode  when  the  direction  of  propagation  is  in 
the  same  direction  as  the  earth's  magnetic  field.  For  trans¬ 
verse  propagation  this  coupling  is  very  poor.  Also,  the 
coupling  is  increased  for  sharp  gradients  of  refractive  index 
at  the  ionosphere  boundary.  When  collisions  are  included, 
there  is  a  finite  range  of  angles  between  the  wave  normal 
and  the  direction  of  the  earth's  magnetic  field  for  coupling 
to  the  whistler  n  Je.  !n  an  anisotropic  ionosphere,  the  wave 
normal  and  the  direction  of  energy  flow  along  the  field  lines 
arc  different  depending  upon  the  magnitude  of  the  refractive 
index  and  the  static  magnetic  field.  If  ducts  of  ionization 
that  arc  aligned  with  the  earth's  magnetic  field  exist,  tfa: 
waves  can  be  guided  in  them. 

.  VLF  signals  fnim  terrestrial  transmitters  have  been  ob¬ 
served  at  satellite  altitudes  ILeiphart  et  al..  1962|.  and  have 
been  tracked  fiom  grrrund  level'  to  altitudes  of  500  km  or 
more  lOrsak  et  al.,  1965  and  Harvey  et  al..  |973|.  Such 
probes  showed  that  the  polarization  changes  from  linear  to 
circular  as  the  wave  penetrates  the  ionosphere,  and  that  very 
significant  delays  in  the  signals  (Kcur. 

Such  phenomena  can  be  calculated  using  full-wave  tech- 
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niqucs  |Pincssa>.  I%5|  ssr  WK8  nKthmls  |Bix)!;er  el  al.. 
I97l)|.  in  Cdnium.'tion  vsiih  appropriate  mixlels  of  the  k>n- 
iv.phere.  Figure  lO-i'K  gives  computed  long  wave  trans¬ 
mission  losses  for  plane  vsaves  incident  i>n  the  ionosphere 
in  a  direction  parallel  to  the  geomagnetic  Held.  The  results 
are  representative  of  those  expected  for  amhiehl  ionttspheric 
cisnditions  al  mid-  and  high  geomagnetic  latitudes.  Under 
disturbed  conditions  or  al  verv'  loss  geomagnetic  latitudes 
the  penetration  hisses  are  much  more  severe,  especially  for 
frequencies  above  a  few  kiloheri/.  (BiMilvcr  cl  al,.  1970  and 
Harvey  cl  al..  1 97.1 1 . 

10.3  IONOSPHERIC  MODELING 

For  successful  radio  communication,  it  is  essential  to 
predict  the  behav  ior  of  the  ionospheric  region  that  w  ill  affect 
a  given  radio  communication  Circuit.  Such  a  prediction  will 
identify  the  lime  periods,  the  path  regivins  and  the  sections 
of  high  Irequency  bands  that  will  allow  or  disrupt  the  use 
of  the  selected  high  frequency  comm  inication  circuit.  This 
need  for  prediction  leads  to  mixJeling  of  the  ionosphere. 

A  m>xlel  is  a  numeiical  statistical  description  of  the 
ionosphere  in  terms  I'l'hvation  (geographic  or  geomagnetic 
latitudes  and  longitudes),  time  ( vilar  /renilh  angle),  seasons, 
and  other  factors  such  as  the  solar  activity  (10,7  cm  Hux. 
sunspot  number).  The  empirical  equations  are  derived  from 
the  dependence  of  the  observed  phenomena  on  variables 
mentioned  above.  These  observed  phenomena  include:  the 
behavior  of  critical  frequencies*  foh.  hiH.  foF2.  and  fobs 
for  the  K.  FI ,  F'2i  and  sjxiradic  F'  layers:  the  altitudes  (h,„F2 
h„,FI.  and  h„,F'2)  for  peak  (maximum  electron  densities  for 

*Thc  critical  frequency  is  the  limiting  radio  frequency  be¬ 
low  which  a  radio  wave  is  rellecfed  by.  and  above  which 
it  penetrates  and  passes  through. .the  ioni/ed  medium  Ian 
ionospheric  layer)  at  vertical  incidence. 


the  layers,  and  the  half-thickness  widths**  y„,E.  y.J^I;  and 
y„,F2.  These  nxxicis  are  called  phenomenological  imxiels 
IBarghausen  et  al. .  1969.  Bent  et  al. .  1972;  Ching  and  Chiu. 
197..;  Chiu.  197.1;  and  Kohniein.  I97«|. 

The  ITS-7X  nxxlel  IBarghausen  et  al..  I969|  based  on 
the  analysis  by  Jones  et  al.  |I966|  of  wivrld-wice.  gnxind 
based  ionosondc  data,  predicts  only  the  bottomsi'ie  of  the 
ionosphere.  The  Bent  nxKlel  |Bent  el  al.:  I972|  predicts  the 
total  electron  content  of  the  ionosphere  in  the  altitude  range 
fnim  150  to  20(X)  km.  without  a  direct  consideration  of  the 
bottomside  E  and  FI  layers.  The  Ching  and  Chiu  |I9731 
nvxiel  covers  the  altitude  range  fnim  1 10  to  1000  km.  In¬ 
stead  of  parabolic  layers  IBarghausen  et  al..  I%9|  they 
assume  Chapman  functions  for  the  electron  density  distri¬ 
butions  in  the  E.  FI.  and  F2  layers.  Later  Chiu  1 19751 
nxxlihed  the  Ching-Chiu  nxxlel  to  •ncorporate  the  polar  i  axv 
sphere.  Their  nxxlels  arc  useful  only  for  studying  the  large 
scale  phenomena  such  as  global  therrixispheric  and  tone-, 
spheric  calculations.. 

Using  ionospheric  data  front  E.SRO  satellites.  Kohniein 
|I9/’X1  extended  the  altitude  range  up  to  .1.500  km.  He  sug¬ 
gested  a  “differential  approach"  for  the  ionospheric  mod¬ 
eling.  He  separated  small  scale  spatial  structures  such  a.s 
the  equatorial  trough,  the  midlatilude  trough  and  the  polar 
ionosphere,  from  the  large  scale  global  structure.  He  mod¬ 
eled  these  individual  structures  and  added  them  into  the 
global  structure.  His  methixl  reduces  the  number  of  coef- 
Heients  otherwise  needed  to  mixJel  the  complicated  ionti- 
sphcric  behavior. 

The  other  approach  for  ionospheric  predictions  is  to  use 
theoretical  nxidels  I.Stuhbc.  1970;  .Strobel  anti  McElroy. 
1970;  Nisbet.  1971 ;  Oran  et  al. .  1974;  and  Oran  and  Yixing. 
I977|. These  are  based  on  the  physical  processes  responsible 
for  the  production,  maintenance  and  decay  of  the  iomv 
sphere.  A  theoretical  model  would  thus  rely  on  the  pitKess 
of  ionization  of  neutral  atmospheric  constituents  by  the  in¬ 
cident  solar  extreme  ultraviolet  radiation,  the  transport  pro¬ 
cesses  such  as  diffusion  and  neutral  winds,  and  also  on  the 
effect  of  electric  and  magnetic  fields  on  the  transport  pro¬ 
cesses.  Essentially  the  theoretical  model  tries  to  explain  the 
experimental  observations  in  terms  of  known  physical  pro¬ 
cesses.  In  addition,  this  approach  seeks  new  physical  pro¬ 
cesses  to  explain  the  differences  between  the  observational 
results  and  the  predictions  based  on  the  theoretical  consid¬ 
erations. 

Radio  communication  can  be  divided  in  two  main  cat- 
egoris  ..  Ground-to-ground  radio  communication  is' based 
on  the  retlection  and  scattering  characteristics  of  the  iono¬ 
spheric  layers.  On  the  other  hand,  gniund  to  satellite,  satellite 
to  ground,  or  satellite  to  satellite  radio  communications  de¬ 
pend  on  the  transmission  and  refraction  characteristics  of 

**Thc  half-tFickness  width  y,„  of  the  ionospheric  layer  is 
determined  w  ith  the  assumption  that  the  layer  has  a  parabolic 
shape  lAppleton  and  Beynon.  I940|. 
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the  kmoNpherc.  The  main  giul  of  any  nHKieling  effort  is  to 
prcdki  the  penods  of  gotxl  or  p«x>r  radio  ci>mmunicaiitms 
for  tlie  selected  paths  to  enable  a  coniiniuMis  undisrupted 
communication  thnnigh  the  iomwphere  or  by  some  other 
means. 

We  will  consider  several  ionospheric  models  that  are 
loutinely  used  (or  are  available)  for  the  prediction  and  spec- 
iheation  of  the  iimosphcre.  The  emphasis  h^rc  is  on  ac¬ 
quainting  the  user  with  the  modeling  programs  and  their 
limitations.  We  do  mit  attempt  to  review  the  scientific  lit¬ 
erature  fi>r  a  determination  of  the  state  of  the  art  of  modeling 
efftwts.  Themfore  only  the  essential  references  will  be  cited. 

First,  we  will  consider  the  numerical-phenomenological 
models.  Then  we  will  consider  the  theoretical  models.  This 
will  he  followed  by  the  nuxlifications  to  models  to  take  into 
account  high  latitude  phenomena  such  as  the  auroral  E  layer 
and  tile  midlatitude  F  region  trough.  In  the  concluding  sec¬ 
tion.  we  will  Itxik  at  the  limitations  of  these  models  and  a 
possible  appniach  to  overcome  these  limitations. 

10.3.1  The  Numerical-Phenomenoiogkal 
Models 

At  present  the  three  most  widelx  used  numerical  nHxJels 
for  ionospheric  prcdictiims  are  ( I  >  The  ITS-7H  model.  (2l 
The  Bent  model,  and  (.^)  (he  /onosphet'c  Communications 
Analysis  and  /’rediction  Program  (lONCAP).  In  addition, 
the  4-15  model  of  the  Air  Foa'e  Global  Weather  Central  and 
the  Bradley  model  will  be  considered.  We  will  alsti  l«>k  at 
the  International  Reference  lonosphere-IRi  79. 

10.3.1.1  The  ITS-78  Model.  The  main  purpose  of  this 
model  IBarghausen  e(  al..  I%9|  is  to  predict  long  term 
performance  of  communication  systems  operating  in  the 
Z-.VI  MH/  frequency  range.  The  ITS-7H  model  and  its  com¬ 
puter  program  was  dcvelopeu  by  the  Institute  of  Telecom¬ 
munication  Sciences.  KSSA.  Boulder.  Colorado.  The  mtxlel 
is  based  on  the  (iresentation  of  the  ionospheric  characteristics 
tn  a  form  of  synontic  nunerical  coefticients  dtveloped  by- 
Jones  and  (iallet  |  !9f)()|  and  improved  by  Jones  et  al.  1 1966|. 
The  important  features  of  the  ITS-78  mtxiel  arc  the  pa¬ 
rameters  for  the  D.  E.  Es  (sporadic),  and  F2  layers  of  the 
iirnosphere. 

The  model  provides  (output)  circuit  operational  param¬ 
eters  such  as'the  maximum  usable  frequency  (MUF).  op¬ 
timum  traffic  frequency  (FOT).  and  the  lowest  usable  fre¬ 
quency  (LUF).  In  addition  to  the  regular  E-layer  propagation 
mode,  it  takes  into  account  propagation  via  the  sporadic  E 
layer.  The  program  computes  all  the  probable  mc<des.  It 
computes  the  system  performance.  For  »hat  purpose  it  cal¬ 
culates  the  antenna  patterns  and  gains  for  10  most  commonly 
used  antennas.  It  also  has  a  program  to  determine  MUF  ?s 
a  function  of  the  magnetic  activity  index  Kp. 

The  inputs  for  the  ITS-78  model  are  the  date.  Universal 


Time,  geographical  location  (latitude  and  longitude)  of  the 
transmitter  and  receiver,  and  sunspot  number.  To  compute 
the  system  performance  the  model  needs  the  antenna  pa¬ 
rameters.  the  radiation  power  of  the  transmitter,  and  the 
signal  to  noise  ratio  of  the  receiver. 

For  the  D  region  the  model  considers  only  the  absorption 
krsses.  The  non-deviative  absorption  is  in  the  form  of  a 
semi-empirical  expression.  It  enables  the  u.ser  to  compute 
the  losses  for  the  HF  frequencies  penetrating  the  D  layer. 
The  deviative  absorption  losses  are  included  in  the  loss 
calculations  as  uncertainty  faictors. 

For  the  E  region  the  model  computes  the  parameter  foE. 
It  assumes  a  constant  height  of  1 10  km  for  the  maximum 
(peak)  electron  density  of  the  E  layer,  with  a  constant  semi¬ 
thickness  of  20  km.  The  numerical  cneflicienis  for  foE  arc 
based  on  the  experimental  ground  ionosondc  data  during 
high  solar  activity  pha.se  in  I9S8.  and  the  low  solar  activity 
phase  in  l%4. 

For  the  F2  region  the  naxicl  computes  the  paranteters 
foF2.  the  height  of  maximum  electron  density  h„,F2  and  the 
semi-thickness  y„F2  of  the  F  layer.  These  are  in  the  form 
of  numerical  cttefficicnis  for  the  high  ( 19,58)  and  low  ( 1964) 
phases  of  the  solar  activity.  Both  the  E  and  F2  layers  are 
assumed  to  be  parabolic  in  shape. 

The  sporadic  E  (Es)  layer  could  be  very  helpful  or  harm¬ 
ful  to  radio  communications  depending  on  the  nature  of  the 
Es  layer.  A  blanketing,  totally  reflecting  Es  layer  extends 
the  frequency  range  of  the  E-mode  communications.  How¬ 
ever  a  semi-transparent  or  partly  reflecting  E.  layer  would 
cause  serious  multipath  and  mode  interference  and  would 
be  detrimental  to  communication  systems.  Using  numerical 
coefficienrs.  the  ITS-78  model  computes  foE,  only  for  the 
ordinary  ray.  (The  earth's  magnetic  field  splits  the  incident 
ray  into  the  ordinary  and  the  extraordinary  rays. )  The  nu¬ 
merical  coefheients  are  for  both  the  high  (1958)  and  low 
(1964)  phases  of  Solar  activity;  As  the  model  does  not  pre¬ 
dict  the  occurrence  of  Es,  the  foEs  maps  are  used  only  when 
propagation  via  regular  E  layer  is  not  possible.  To  compute 
the  system  pe.formance,  the  model  incorporates  three  kinds 
of  noise:  galactic,  atmospheric,  and  manmade. 

To  determine  the  operational  parameters  such  as  the 
maximum  usable  frequency  (MUF).  the  mcxlel  computes 
the  path  geometry  (between  the  transmitter  and  the  receiver). 
The  parameters  computed  m  the  path  geometry  are  the  path 
length,  path  bearing  (a/imuth):  and  the  solar  renith  angle 
X  of  the  sun.  The  mrxlel  computes  paths  for  reflections  from 
E.  Es.  and  F2  layers.  These  arc  called  the  E.  Es.  and  F2 
rrnxles.  The  paths  could  involve  iiKire  layers  (multiple  nxxles) 
and  more  reflections  (multihop). 

To  determine  wave  propagation  the  electnm  density  dis¬ 
tribution  with  altitude  is  needed.  Both  the  E  and  F  layers 
are  assumed  to  have  parabolic  shapes  The  maximum  usable 
frequency  (MUF)  is  obtained  by  multiplying  the  critical 
frequency  of  the  layer  by  the  MUF  factor  M(.X(X)0).  The 
term  in  parentheses  refers  to  the  standard  gmund  distance 
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of  3000  km  between  the  ( hypothetical)  transmitter  and  the 
receiver.  The  experimental  data  for  the  numerical  factor 
M(.30(K)|  (in  terms  of  c*>cfticicnis)  come  fn>m  13  nmosonde 
stations  covering  the  geomagnetic  latitude  range  from 
to8«°N, 

The  stability  and  predictability  of  the  E  layer  results  in 
a  99^  probability  ihighest)  of  supporting  radio  propagation 
and  communication  via  the  E  layer.  The  next  highest  prob¬ 
ability  is  via  the  regular  F  layer.  When  neither  of  the  above 
modes  is  possible,  the  Es  mode  is  considered  for  commu- 
HKatim. 

For  computing  the  system  performtince  the  pnrgram  al¬ 
lows  a  'Selectkm  from  10  antenna  patterns.  The  program 
take^  into  account  thr  vnsund  losses,  ionospheric  lor;'.es. 
free  s(^e  losses,  and  the  excess  losses.  The  program  com¬ 
putes  the  radio  communication  circrit  itliability.  service 
reliability,  and  the  multipath  evaluations. 

TK*  ITS-7K  nMKk'l  has  severa'  limitations.  The  msults 
fixHii  the  nHutcl  are  useful  only  when  the  operating  frequency 
is  below  the  maximum  uskhle  irequenes .  The  mixlel  as- 
sunK's  that  transmission  w  ill  be  by  reflection  ln>m  the  ion¬ 
osphere.  For  this  the  transmitter  and  the  receiver  must  he 
on  the  same  side  of  the  ionosplK-ric  layer  (for  example, 
gnuind-to-ground  communication.  The  model  does  not  take 
into  acciHint  the  daytime  FI  laser  which  usually  develops 
between  the  h  and  F2  lasers  The  m«xlel  dtK*s  not  adequately 
account  for  the  elcctri<n  density  above  the  altitude  of  h,„F2. 
Finally .  the  nx'tdel  dtws  not  take  into  account  the  dependence 
of  absorption  on  the  operating  frequency  in  considering  the 
D  layer  absorption. 

10.3.1.2  The  Bent  Model.  The  Bent  Model  |  Bent  et  al.. 
1972;  Llewellyn  and  Bent.  I973|  is  basically  for  ground- 
U»-satellite  communication  but  can  be  adapted  for  ground- 
Uvground  or  sate!!ite-to-satellite  communication.  The  main 
purpose  of  the  Bent  mixlel  is  to  determine  the  mtal  electron 
rxmtcnt  (TEC i  of  the  ionosphere  as  accurately  as  possibje 
in  order  to  obtain  high  precision  values  of  the  delay  and 
directional  changes  of  a  wave  due  to  refraction  Grmind-to- 
satcllite  communication  denianils  operating  frequencies  which 
are  higher  than  the  .Ml 'F.  Thus  the  mtxle  involves  the  trans- 
mision  refraction  characteristics  of  the  F2  layer  and  the 
electron  density  distribution  above  tiie  height  of  the  F2  peak 
must  he  knossn. 

The  Pi.'VJel  provides  (output)  the  vertical  total  electron 
content  above  the  transmitter,  the  profile  of  vertical  electron 
density  with  attitude,  and  the  total  electron  content  along 
the  path  betw  een  the  satellite  and  the  ground.  It  also  provides 
the  rcfracti<tn  correcti»<ns  to  the  elevation  angle,  the  range, 
and  the  range  rate. 

The  input  parameters  to  the  mixlel  are  the  date.  Universal 
Time.  Iixrations  of  the  transmitter  and  receiver  (ground  and 
satellite),  rate  of  change  in  elevation  and  altitude  of  the 
satellite,  operating  frequency,  the  solar  flux  ( 10.7  cm  flux), 
and  sunspot  number. 


The  data  base  of  the  Bent  miNkl  consists  of  50  000 
topside  lomrsnheric  soundings.  60(X)  satellite  rnttasurements 
of  electron  density  and  400  000  bottomside  s<xindings  of 
the  ionosphere.  The  data  extend  fn»m  1962  to  1969  to  cover 
the  maximum  and  the  minimum  of  the  solar  cycle. 

The  hirttomsidc  data  are  foF?  hourly  values  from  14 
stations  in  the  Anwrican  sector  covering  gc«>graphic  lati¬ 
tudes  76°  N  to  1 2"  S  or  gc'omagnetic  latitudes  from  K5°  to 
(T  The  topside  soundings  cover  the  periixl  1962  tc  1966. 
with  geomagnetic  latitude  range  K5°  to  -  75°.  and  the  elec¬ 
tron  density  profiles  are  from  1000  km  down  to  the  altitudes 
of  the  foF2  peak  (h,„F2).  Tlie  satellite  data  are  fnmi  the 
Ariel  3  satellite  covering  the  peruxi  May  1967  to  April  I96)l 
and  arc  linked  w  ith  real  time  foF2  from  13  grixind  statuins. 
Thus  the  data  base  of  the  Bent  nxxJel  refers  to  solar  cycle 
20.  while  the  data  base  of  the  ITS-78  nxxkl  is  from  solar 
cycle  19. 

The  Bent  nxxiei  uses  foF2  from  the  ITS-78  nxxJcl.  In¬ 
stead  i>f  the  monthly  median  values,  the  Bent  nxxlel  com¬ 
putes  average  values  forev  rry  10-day  interval  Of  the  month 
fn>m  the  10.7  cm  sidar  flux  input.  For  the  height  h,„F2.  it 
uses  Mt.TOtX))  factors  of  NOAA  (ITS-78)  in  terms  of  the 
sunspot  number.  It  uses  an  cmpincal  poly  nominal  for  M  in 
computing  h,„F2.  in  place  of  the  Shimaraki  equation  1 1955| 
used  by  ITS-78. 

The  distribution  of  electron  density  with  altitude,  as¬ 
sumed  by  the  Bent  nxxlel  !;>r  the  computation  of  the  total 
electron  density  is  shown  schematically  in  Figure  10- .39. 
Starting  from  the  bottom,  it  divides  the  pmfile  into  five 
sectxms:  a  bottom  bi-para!x>lic  F2  layer;  a  paraNilic  F2  layer 
abine  the  peak;  and  three  exponential  sections  to  cover  the 
altitude  atxive  h„  (h,„F2  to  l(X)0  km).  The  constniction  of 
the  profile  needs  the  parametcis  k|.  k..  ki.  Y,,  Y„,.  foF2. 
and  h,„F2.  The  last  two  have  already  been  explained.  The 
dependence  of  the  iHher  parameters  on  geomagnetic  latitude . 
solar  flux.  foF2.  and  the  season  is  from  work  of  Bent  |Llew- 
ellyn  and  Bent.  I973|.  The  topside  and  the  first  adjoining 
exjxmcntial  section  arc  matched  at  a  height  d  (above  h,„) 
by  the  equation 

d  =  h.,  -  h„,  =  ^vT  +  Y.-kJ  -  I  j.  (If)  56) 

where  Y,  is  the  half  (hickness  of  the  F;  layer  and  k|  is  the 
exponential  constant. 

The  remaming  profile  aNive  the  F2  peak  |(>f  altitude 
range  ih,„  ^  d  to  1012)  km|  is  divided  in  three  equal  in¬ 
tervals  of  altitude. 

The  nxxlel  can  predict  w  iih  an  accuracy  of  75';f  -8()'if . 
If  the  nxxlel  is  ujxlated  w  ith  observed  recent  data  within  a 
range  of  2(KK)  km  radius  drom  the  transmitters),  the  pre¬ 
dictability  is  improved  to  9()'{ . 

TTiough  the  model  predicts  total  electron  content  ( .'FD 
with  gixxl  aeeuracy.  the  nx  Jel  divs  not  have  separate  F 
and  FI  layers.  As  the  nxxfel  was  constmeted  for  the  TFC. 
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Figure  10- .W  Schemalic  for  opiiirent'il  und  hi-panholic  proliln  for  Ihr 
ekctnin  deiiMt>  di^thtuiiKin  with  ahinuje  fur  iIk  letu  model. 

the  E  and  FI  lay''r>  are  included  as  the  bi-paraholic  bot- 
tomside  of  the  F2  layer.  Also,  the  program  t  tkres  not  take 
into  account  :Te  non-deviative  absorption  in  the  underlying 
D  layer. 

10  J.  1.3  The  Ionospheric  Conununkations  Analysis  and 
Prediction  Program  (lONCAP).  The  lONCAP  |  Lloyd 
et.al.,  I97X|  is  essentially  the  latest,  improved,  and  more 
versatile  and  flexible  version  of  the  ITS-78  model. 

It  provides  .10  output  options  which  can  be  divided  into 
four  categories,  ( I )  ionospheric  uescription.  (2)  antenna  pat¬ 
terns.  (.1)  MUF  predictions,  and  (4)  system  performance 
predictions. 

For  ionospheric  predictions  it  provides  riKinthly  median 
values  for  the  parameters  foE.  foFI .  foF2.  h„3;.  h,J^l,  hJF2, 
Y,„E.  YmFI .  and  Y,„F2.  It  also  provides  the  lower,  median, 
and  upper  decile  values  of  t!ie  minimum  foE  or  foE,.  It  can 
also  provide  a  prediction  in  the  form  of  a  plot  of  operating 
frequency  with  virtual  height  and  also  with  true  height. 

The  MUF  option  of  the  output  provides  the  minimum 
radiation  angle  and  the  M  factors  for  all  four  modes,  E.  FI. 
F2.  and  Es.  The  plots  for  the  diurnal  variation  of  the  MUFs 
are  also  available.  The  MUFs  provide  the  description  of  the 
state  <rf  the  ionosphere  and  do  not  include  any  system  pa¬ 
rameters.  The  operating  frequency  for  a  given  radio  com¬ 
munication  circuit  is  the  critical  frequency  of  the  layer  mul¬ 
tiplied  by  (he  MUF  factor. 


In  the  system  performance  options.  22  performance  pa- 
nuneters  are  available.  The  program  for  the  antenna  output 
option  computes  the  elevation  angles  and  the  operating  fre¬ 
quencies  for  optimum  antenna  geometry  and  its  gain. 

Inputs  for  the  program  are  the  date.  Universal  Time, 
geographical  locations  of  the  transmitter  and  the  recrlver, 
and  sunspot  number.  The  program  can  accept  external  iono¬ 
spheric  parameters  as  input  to  the  program.  For  antenna 
pattern,  one  can  select  the  antenna  from  17  antennas  in  the. 
program  (7  antennas  from  ITS- 78  have  been  modifled).  For 
the  system  performance  additional  inputs  such  as  radiation 
power  of  the  transmitter,  and  the  S/N  ratio  of  the  receiver 
are  needed. 

The  schematic  for  the  electnm  density  distributitrn  with 
altitude  for  the  lONCAP  prognim  is  shown  in  Figure 
10-40.  The  model  has  .1  parabolic  layers.  E.  FI.  and  F2. 
The  altitudes  for  the  peak  electro  i  densities  arc  h„E.  h„FI . 
and  h„F2.  The  half  thickness  widthc  for  the  layers  arc  Y„E. 
YnFI.  and  Y„F2  respectively.  For  the  FI  !ayer.  h„FI/Y„^l 
is  as.sumed  to  be  4.  The  E  layer  has  fixed  altitudes  h„.£  =  110 
km  aiHl  Y,^  =  20  km.  lONCAP  improves  on  the  ITS-78 
model  by  incorporating  D  and  FI  layers.  The  D  layer  con¬ 
tribution  is  considered  indirectly  by  adding  an  exponential 
tail  for  the  E  layer  down  to  the  altitude  of  70  km.  In  the 
transition  region  between  the  E  and  FI  (or  F2  if  FI  is  absent) 


Figure  10-40  Schematic  for  the  eicctnm  densitv  profile  and  virtual  height 
ftrr  the  lONCAP  model 
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lii>cr>.  iho  ctccinm  dcnNily  is  assunK'd  to  be  linear  ftv  the 
fienueney  rant:e  f.  U»  I'u  uhere  f.  =  x>  x  toharidf„  =  x„ 
X  biH.  Typical  values  for  and  Xu  are  l).85  and  0.'"*8 
respectively.  Thus  the  electron  density  decreases  above  the 
paraNilic  nose  0.K5  foh  (<foh»  and  continues  upwards  up 
to  t).9X  foK  t  <  foh  t  producing  a  linear  valley  in  the  transition 
regiiHt.  When  the  x„  =  x,  =  I  the  valley  is  absent  in  the 
transition  region  and  the  curve  is  a  vertical  line  starting  at 
the  tip  of  the  paruNdic  nose  of  the  K  layer.  The  FI  layer 
forms  a  linear  ««■  parabolic  ledge  depending  on  the  mag¬ 
nitudes  of  h,.J-l ,  h„,h^.  f..F I .  and  loF2.  In  the  ITS-78  rrexlel. 
the  FI  layer  is  assumed  U»  he  absent.  In  the  lONCAP  nvxiel 
the  nunKiical  ctKM'licients  f«»r  foh  are  functi«>ns  of  gerv 
graphic  latitude  for  both  solar  maximum  and  minimum  from 
the  w«)rk  of  Lefnn  11976).  The  nnxiel  uses  foFI  maps  of 
Rosich  and  Jones  |I97.^|.  It  also  takes  into  account  the 
retardatiitn  below  ilie  F2  layer. 

F*>rthc  Ml'F  cinnputations  the  ntodel  uses  the  corrected 
form  of  Marty  n's  theorem.  As  the  absorption  equations  us¬ 
ing  the  secant  law  do  not  work  for  lower  frequencies  at 
altitudes  below  9()  km.  these  equations  have  been  modified 
in  the  lONCAP  program.  The  lONCAP  provides  two  pr*v 
grams  ( I  (the  ITS-7X  short  path  geometry  and  (2)  the  long 
path  t>IO  OtX)  km)  geometry  .  In  addition  to  the  ITS-7X 
model,  the  path  computations  now  include  the  FI  rruxie. 
the  over-the-ML’F  nvxle.  D  and  h  region  absorption  kisses, 
and  spor.klie  h  losses.  A  correction  to  frequency  dependence 
is  added  for  low  frequencies  reflected  from  altitudes  below 
'  90  km 

The  impri'vements  over  ITS-78  can  be  summarized  (sec 
lONCAP)  as  follows: 

1.  The  description  of  the  ionosphere  is  nitw  more  com¬ 
plete. 

2.  The  loss  equations  has'C  been  supplemented.  This 
includes  h  mode  adjustnKnts.  sfxiraific  I-!  effects,  over- 
the-MUF  losses,  and  losses  for  low  r>.Pection  heights. 

.1.  The  ray  path  geometry  calculations  have  been  re¬ 
vised.  This  was  an  empirical  adjustment  to  Martyn's 
theorem. 

4.  The  loss  statistics  were  revised  to  include  the  effects 
of  the  sporadic  E  layer  and  of  over-the-MUF  modes. 

5.  A  separate  long  path  mixlel  was  developed. 

6.  The  antenna  gain  package  was  revised. 

All  models  predict  only  the  quiet  ionosphere,  which 
shows  a  large  systematic  dependence  on  latitude,  longitude, 
season,  time,  and  sunspot  activity. 

10.3.1.4  The  Bradley  .Model.  The  Bradley  model  con- 
iains  two  modifications  to  th  -  existing  moje's;  ( I )  the  tilling 
of  the  valley  between  the  E  and  F  layers  (FI.  or  F2  if  FT 
is  absent),  by  parabolic  layers’)  Bradley  and  Dudeney.  1973)  ■ 
and  (2)  a  simple  I'onnulation  of  the  prediction  of  the  prob¬ 
ability  of  the  high-frequenev  propagation  (Bradley  and  Bed¬ 
ford.  1976). 

•  The  assumption  that  the  electron  density  distribution  in 
the  E  and  F  layers  is  parabolic  in  shape,  results  in  a  valley — 


a  reduction  in  electron  density  between  the  two  peak  values. 
N„E  and  N„F — at  altitudes  h„E  and  h„,F,  respectively.  The 
rocket  observations  have  shown  that  in  reality  the  electron 
density  at  any  altitude  between  tbc  altitudes  h„E  and  h.^ 
is  rarely  smaller  than  the  peak  electron  density  N„E.  Thus 
the  a.ssumpiion  of  the  parabolic  shapes  for  E  and  F  layers 
underestimates  the  clectnin  density  in  the  altitude  region 
between  h„E  and  h.„F.  To  correct  such  an  underestimation 
Bradley  and  Dudeney  1 1 97.3)  suggested  a  linear  distribution 
of  electron  density  from  foE  to  1.7  foE.  The  lower  end  is 
at  h„E.  At  the  upper  end.  the  F  layer  is  parabolic  in  shape 
down  the  altitude  where  the  plasma  frequency  is  1 .7  foE. 
This  linear  interpolation  hay  not  yet  been  incorporated  in 
the  lONCAP  mtxiel  (see  Figure  10-40)  of  Lloyd  et  ( 1978). , 
In  high  frequency  prediction  it  i.s  essential  to  know  the 
probability  of  communication  at  any  particular  operating 
frequency  f.  For  convenience  the  observed  data  are  ex¬ 
pressed  as  follows:  F„  is  the  upper  decile,  f^  is  the  median, 
and  F,  is  the  lower  decile  of  the  ratios  of  f/f„.  The  distri¬ 
bution  functions  of  F„  and  F,  are  not  simple  Gaussian  dis¬ 
tributions  )Fu  -  MUF  =  MUF  -  F,  for  Gaussian).  The 
distributions  arc  x‘-distributions  of  F„  and  F,.  For  proba¬ 
bility  determinations  these  two  x‘-distributions  (of  F„  and 
F, )  have  to  be  used.  Two  variables  F„  and  F|  with  their 
assix'iatctf  degrees  of  freedtim.  and  the  need  to  integrate  the 
x’-distribution  curve  makes  the  process  of  determining  the 
pnibability  distribution  very  cumbersome.  Bradley  and  Bed- 
fwd  1 1976)  derived  simple  empirical  equations  for  this  prob¬ 
ability  distribution.  The  equations  arc 
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or  0,  whichever  is  larger  for  f>f„,. 


(10.58) 


where 

Q  -  is  the  cumulative  probability, 
f  -  is  the  operating  frequency. 
f„,  -  IS  the  predicted  median  frequency. 

F,  -  is  the  lower  decile  (of  f/f,„), 

F„  -  is  the  upper  decile  (of  f/f„). 

They  note  that  the  probability  distribution  from  their 
simple  empirical  equation  is  as  gvxxl  as,  though  not  always 
better  than,  that  from  the  x’  distribution.  Therefore  they 
highly  recommend  a  replacement  of  x'  distribution  prtKe- 
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dure  by  thev:  equations  for  a  detcmiinaiion  of  the  present 
pntbability  that  signals  will  propagate  at  a  given  hour  over 
a  given  sky-wave  path. 

The  latest  computer  mixicl  like  the  lONC'AP  has  not 
incorporated  “Bradley  Features"  in  its  pntgram. 

10.3.1.5  The  Air  Force  Gloiial  Weather  Central  4-D 
Model.  The  input  data  to  the  4-D  numerical  nKxiel  | Flat¬ 
tery  et  al..  personal  communication)  are  the  critical  fre¬ 
quencies  for  the  layers  and  M(30(X)).  real  time  or  near  real 
time  observations  from  40  gnrund  stations  ariHind  the  world, 
and  total  electnm  content  (TEC)  from  eleven  stations.  The 
frequency  of  observations  varies  from  hourly  (best)  at  «*ne 
end  to  weekly  (worst)  at  the  other  end.  The  desired  purpose 
of  the  4-D  model  is  to  pnxluce  a  consistent  ionospheric 
spccihcation  anywhere  in  the  northern  hemisphere  for  a  24- 
h  period.  In  that  sense  it  is  not  a  forecasting  model  like  the 
other  models  mentioned  above. 

This  hkhIcI  has  three  ionospheric  layers.  E.  FI .  and  F2. 
Each  layer  is  represented  by  a  Chapman  distribution  function 

Nf(h)  =  Ne„u,  exp{a|l  -  /.  -  exp(-z)|>.  (10.59) 

where  a  refers  to  the  loss  mechanism  and  /  is  given  by 

j  -  and  h.  is  the  scale  height  for  the  layer.  At  a 

h. 

given  altitude  the  total  contribution  to  electron  density  is 
the  sum  of  contributions  by  all  three  layers. 

For  any  height  the  electron  density  is  approximated  by 

N,((  )  =  2)  acWi(f). 

k  I 

where  a  is  the  weighting  factor  and  W(f )  is  an  empirically 
derived  set  of  discrete  orthogonal  functions  for  the  altitude 
interval  (.  The  95  to  2(XX)  km  range  is  divided  into  127 
intervals.  The  widths  of  the  intervals  range  from  5  km  at 
the  lowest  altitudes  to  .‘iO  km  at  highest  altitudes.  The  em¬ 
pirically  derived  function  W<()  is  in  two  parts,  vphcrical 
haniHinic  functions  for  spatial  dependence  and  trigononKMric 
functions  (sine,  cosine)  for  temporal  dependence. 

With  the  help  of  these  variables  Ui,  and  N\\.  the  entire 
data  base  for  the  ionosphere  is  reduced  to  a  limited  number 
of  ctK’flicicnts.  These  can  he  used  to  construct  the  electron 
density  profile  for  any  location  in  the  Northern  Hemisphere 
valid  for  a  24-h  spec ilieai ion  peruxl.  The  model  is  still  being 
developed.  The  specification  accuracy  of  the  model  will 
depend  strongly  on  the  frequency  and  reliability  of  the  input 
data— real-time  experimental  observations  from  the  4(1  ground 
stations  of  the  northern  hemisphere.  Also  the  quality  of 
specifications  interpolated  for  l(■•cutio^s  inside  the  network 
will  he  better  than  those  extrapolated  outside  the  observa- 
tiona.  network. 


10.3.1.6  International  Reference  lonctsphere — IRI  79. 

The  IRI  79  (Rawer.  I9HI|  is  the  latest  addition  to  the  con¬ 
tinued  efforts  of  ionospheric  modeling.  The  emphasis  of  IRI 

79  is  to  summari/c  the  experimental  data  from  nxkets  and 
satellites  to  prov  ide  true  height  profiles  of  the  ionosphere. 
The  rruxlcl  serves  as  a  standard  reference  for  various  pur- 
pivses  such  as  design  of  ••xperiments.  estimatien  of  envi- 
ronoK'ntal  and  other  effects,  and  testing  theories.  The  miHlel 
gives  the  altitude  dependence  of  four  parameters:  electron 
density,  electron  and  ion  tcmperulures.  and  the  composition 
of  positive  ions.  It  computes  the  density  for  atomic  ions 
O* .  H  ■ .  He  ■  and  for  moiccul  ir  ions  (). '  and  NO ' . 

For  flic  worldw  ide  description  of  the  peak  electron  den¬ 
sity.  the  model  uses  foF2  from  C'C'IR  11967)  eoeflicients. 
with  modified  dip  cmirdinates  (Rawer.  196.3).  As  the  foF2s 
are  from  the  gn*und  based  ionoseipde  stations,  the  model 
really  computes  a  relative  distribution  of  electron  density 
with  true  height,  with  respect  to  that  of  the  foF2  peak.  For 
a  true  peak  height  (he  nuxlel  uses  an  empirical  relation 
(Bilit/a  el  al..  1971)  with  Vl(.3l)()())foF2  cix:Hicienls  from 
CCIR  (1967).  This  empirical  relation  is  based  on  the  in¬ 
coherent  scattering  measurements  w  hich  y  ield  electron  den¬ 
sity  with  true  height.  The  nuxlel  has  an  alternate  pnx'edure 
based  on  the  results  of  Chiu  )  1975)  to  replace  the  foF2  and 
M(.3(XX))foF2  cixtflicients  from  CCIR.  This  proc-edurc  when 
used  limits  the  ability  of  rcprixlucing  the  complex  iono¬ 
spheric  features  available  from  the  CCIR  ctHtflicients  The 
IRI  79  can  also  use  direct  data  of  the  peak  electron  density 
and  the  peak  altitude  for  computing  the  profiles. 

The  schematic  for  the  altitude  dependence  of  the  electron 
density  for  the  IRI  79  nuxlel  is  shown  in  Figure  10-41  The 
altitude  range  from  HO  to  I (XX)  km  is  divided  into  six  sec¬ 
tions:  topside.  F2  bottomside.  FI.  intermediate,  valley,  and 
EllJ  regions  respectively.  The  top  .ide  region  is  m-xleled 
with  the  use  of  ‘harmoni/ed  Bent’  nuxlel  (Ramakrishnan  et 
al..  197. >).  Tbe  l-xntomside  F2  is  expressed  as  the  sum  of 
Epstein  Tiansition  Functions  (Rawer.  I9KI ).  The  FI  region 
is  based  on  ihe  work  of  Eyfrig  )  1955)  and  Duchaime  et  al. 
11973).  The  interniediate  region  tills  the  gap  between  the 
vailev  region  and  the  FT  layer.  The  nx-ket  measurements 
compiled  by  Maeda  |197l|  determine  the  shape  and  the 
depth  of  the  valley  region.  The  f«'E  is  from  Kouris  and 
Muggleton  1 1973a. bj.  The  nuxlel  also, ekes  into  account 
the  contribution  from  the  !)  layer.  The  nuxlel  dtx's  mxt 
account  for  the  highly  variable  F.s  layer. 

The  IRI  79  is  thc^  only  numerical  nuxlel  w  ith  information 
on  additional  parameters  such  as  the  electron  and  ion  tem¬ 
peratures  and  the  composition  of  positive  ions.  The  com¬ 
position  is  determined  with  the  assumption  that  the  plasma 
is  electrically  neutral  above  84  km  The  nuxlel  also  com¬ 
putes  the  distribution  of  cluster  ions  in  the  altitude  range 

80  to  90  km. 

The  inputs  for  the  piogram  are  l<x-ation  (latitude  and 
longitude),  sunspot  number  and  lime  The  optumal  inputs 
arc  the  peak  altitude  and  peak  electron  density.  The  output 
consists  of  1 1  parameters:  absolute  electron  density,  relative 
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Figure  10-41  The  IRl  7^  moJet  pruttk.  Fiir  details  refer  to  Ravi.cr  ( 1^1 1. 

elecmm  density,  neutral  temperature.  -^Icctrirn  temperature, 
km  temperature,  ratio  of  electron  to  ion  temperature,  percent 
concentrations  of  O  ‘  (and  N  ’ H  * .  H,.  * .  O:  ‘  and  NO  * 
ions.  The  accuracy  (<t)  of  predictions  is  as  below; 

Peak 

Height  Density  Temperature 
F  region  i  I.S''/(  ±  3(K/{  ,  ±  ,'<(W 

E  region  ±  t  K»  ±  KF/f 


The  pn>grams  arc  in  FORTRAN-4  and  ALGOL-60  com¬ 
puter  cixJcs.  These  programs  are  available  from  the  World 
Data  Center.  Boulder.  Colorado. 


10.3.2  The  Theoretical  Models 

The  theoretical  models  for  the  ionot>phere  are  based  on 
the  physical  processes  responsible  for  the  observed  ionos¬ 
pheric  phenomena.  The  poKcsscs  responsible  for  the  ion¬ 
osphere  are  pnxluction.  maintenance,  and  decay  of  the  ion¬ 
osphere.  As  the  approach  deals  directly  with  the  physical 
processes,  and  not  with  the  observed  phenomena,  the  emerg¬ 
ing  HHxlel  is  called  a  physical  model. 

Four  models  are  summarized  in  Table  10-6  to  show 
several  variations  in  the  same  prcKesses  considered  by  dif¬ 
ferent  workers.  Strobcl  and  McElroy  1 1970)  considered  only 
the  F2  region  (200  to  7(X)  km),  whereas  others  took  into 
acetHint  the  altitude  range  from  120  to  1200  km.  Nisbet 
1 1971 1  c;mstructed  the  first  computer-based  simple  physical 
model  MK-I  for  the  ionost^here.  He  considered  only  three 
neutral  constituents  N-.  O.  end  O,  whereas  Stubbe  11970] 
and  Oran  and  Young  j  I977|  also  considered  the  minor  con¬ 
stituents  He  and  H.  For  the  dissociation  and  ionization  of 
the  neutral  species,  the  incident  solar  EUV  radiation  in  the 
range  .30  to  1912  A  is  used,  along  with  the  wavelength 
dependent  absorption  and  ionization  cross  sections  for  the 
neutral  species.  Nisbet  considered  three  basic  predominant 
ionic  species:  O ' .  NO' .  and  O;  ‘ .  Oran  and  Young  j  1977] 
to»>k  inUr  account  the  additional  ionic  species  H;  * .  Ne  * , 
N  ‘  and  H  ‘ .  One  has  to  consider  the  chemical  reactions 
that  pnxJuce  ions  by  charge  exchange  processes.  Nisbet 
1 1971 1  used  5  reactions  whereas  Oran  and  Young  |I977| 
used  24  chemical  reactions  jsec  Strohel  and  McElroy.  1970). 
For  maintenance  of  the  ionosphere,  the  processes  of  dif¬ 
fusion  and  phot»>ionization  arc  assumed.  The  processes  of 
dissociative  recrmibination  and  radiative  recombination  are 
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responsible  for  the  dec?y  of  the  ionosphere.  For  his  simple 
nHxlel.  Nisbet  neglected  the  transp«>rt  prtx'esses  such  as 
neutral  winds,  electric  fields,  and  magnetic  fields.  The  pro¬ 
cedure  is  further  complicated  because  coupled  simultaneous 
equations  must  be  solved  for  neutral  winds,  mass  transport, 
and  energy  transport.  For  determining  electron  density  in 
the  iomisphere.  the  gas  consisting  of  Ixith  ions  and  electrons, 
is  considered  electrically  neutral.  Thus,  in  every  elementary 
volume,  the  number  of  electrons  is  equal  lO  the  number  of 
ions.  All  the  mixlcls  reprixluce  many  of  the  observed  fea¬ 
tures  such  as  the  diurnal  variation,  seasonal  variation,  and 
solar  cycle  dependence  of  tne  midlatitude  ionosphere  under 
quiet  conditions.  The  accuracy  of  the  theoretical  models 
depends  up»in  the  understanding  of  the  physical  processes 
considered  in  the  mixlels.  For  accurate  predictions  from  the 
theoretical  mixiels.  precise  information  on  the  large  number 
of  variables  used  in  the  mixlels  is  necessary.  Also,  the 
mixlels  use  several  observed  average  boundary  conditions 
which  could  have  a  large  variability  dependent  on  other 
geophysical  parameters  such  as  solar  activity  and  magnetic 
activity.  The  results  from  the  mixleis  are  adequate  for  long 
term  planning  of  science  and  engineering  applications.  Thixigh 
these  models  reprixluce  main  observed  average  features  of 
the  ionosphere,  they  are  unable  to  specify  the  ionosphere 
within  an  accuracy  of  ±  20*^  needed  by  the  systems  in 
operation.  At  present,  the  main  input  information  of  solar 
EUV  radiation  needed  for  the  theoretical  models  is  not  rou¬ 
tinely  available  for  predicting  the  ionosphere. 


10.3.3  Comparison  of  the  Phenomenological 
Models,  Their  Limitations  and  Ability 

In  comparing  the  mixlels  one  must  note  that  lONCAP 
is  the  mtxlified  anl  more  flexible  version  which  replaces 
the  ITS-78  mixlel.  .As  the  ITS-78/IONCAP  and  the  Bent 
models  serve  entirely  different  purposes,  it  is  essential  to 
understand  the  difference  in  their  approaches  and  final  out¬ 
put  parameters  computed  by  the  mixlels.  These  are  sum¬ 
marised  in  Table  10-7.  The  left-hand  column  in  Table  10- 
7  lists  the  parameter  under  consideration.  The  next  four 
columns  summarize  the  features  in  each  of  the  mixlels.  ITS- 
78.  lONCAP.  the  Bent,  and  the  IRI  79  mixlels,  respectively. 
From  the  table  it  is  seen  that  the  selection  of  a  mixlcI  will 
depend  more  upon  tiie  information  sought  under  the  param¬ 
eter  headings,  than  on  accuracy.  The  lONCAP  mixicl  is 
basically  useful  for  wave  propagation  using  operating  fre¬ 
quencies  which  would  be  reflected  by  the  F,  Fs.  FI.  and 
F2  layers.  On  the  other  hand,  the  Beni  mixlel  relies  on  the 
transmission,  refraction,  and  absorption  characteristics  of 
the  ionosphere,  with  the  operating  frequency  much  larger 
than  the  foF2  frequency.  The  IRI  79  mixlel  basically  pro¬ 
vides  a  distribution  of  electron  density  with  altitude.  Ail  the 
mixlch  predict  quiet  ionospheric  conditions  only.  The  mixlels 
do  not  hold  for  disturbed  ionospheric  conditions. 


The  additional  limitations  of  these  models  are 

1.  All  the  mixlels  are  poor  in  predicting  the  high 
latitude  ionosphere. 

2.  None  of  the  mixlels  take  into  account  the  effects 
of  particle  precipitation  in  the  auroral  region  which 
enhance  the  E(Es)  and  F  layers. 

3.  The  mid-latitude  trough  which  exhibits  large  hor¬ 
izontal  gradients  in  electron  density  is  not  incor¬ 
porated  in  these  mixleis. 

4.  These  mixlels  are  gixxl  for  latitudes  ±  20°  to  ±60°, 
and  are  pixir  predictors  for  the  equatorial  region 
and  the  high  latitude  region. 

Nonetheless  these  models  serve  two  useful  functions: 
(I)  to  predict  ionospheric  parameters,  and  (2)  to  determine 
physical  phenomena  and/or  to  mixlify  existing  coefficients 
for  explaining  the  deviations  between  the  experimentally 
observed  value  and  the  predictions  from  these  models. 

The  computer  programs  for  the  ITS-78  [Barghausen  et 
al..  1969]  and  the  lONCAP  program  (Lloyd  et  al..  1978] 
are  available  from  the  Institute  for  Telecommunications  Sci¬ 
ences.  Boulder.  Colorado  80303.  The  computer  programs 
for  the  Bent  model  (Llewellyn  and  Bent.  I973(  are  available 
from  the  Atlantic  Science  Corporation.  P.O.  Box  3201, 
Indialantic.  Florida  32903.  The  computer  programs  for  IRl 
79  are  available  from  World  Data  Center  A,  Boulder.  Col¬ 
orado  80303. 


10.4  HIGH  FREQUENCY  RADIO 
PROPAGATION 

The  high  frequency  (HF)  band  of  the  electromagnetic 
spectrum  extends  from  3  to  30  MHz.  corresponding  to  a 
wavelength  range  of  100  to  10  m.  Many  services  have 
frequencies  allixated  in  this  band — Local/Intemational 
Broadcast.  Amateurs.  Standard  Frequencies,  Maritime  and 
Land  Mobile.  Point-to-point  Communications,  Industrial, 
Scientific.  Medical  Diathermy.  Aero  Fixed.  Citizens'  Band, 
and  so  on.  The  band  is  also  used  for  ionospheric  sounding 
and  over-the-horizon  surveillance.  Its  use  in  most  applica¬ 
tions  depends  on  the  fact  that  HF  waves  are  reflected  by  the 
ionosphere. 

HF  is  used  for  broadcasting  because  of  its  greater  area 
coverage  relative  to  the  bands  on  either  side,  which  are 
restricted  to  either  ground  wave  or  line-of-sight  propagation. 
Its  use  for  communications  stems  mainly  from  the  fact  that 
it  is  often  the  only  means  of  communication.  It  is  also  very 
often  the  simplest  and  least  expensive  form  of  communi¬ 
cation. 

With  the  advent  of  satellite  communications,  which  use 
signals  of  such  high  frequency  that  the  normal  ionosphere 
has  little  effect  on  them,  and  improvements  to  submarine 
cables,  the  proportion  of  traflic  that  goes  by  HF  is  signifi¬ 
cantly  smaller  than  it  used  to  be.  However,  the  total  use  of 
HF  radio  circuits  is  actually  greater  now  than  ever  before, 
and  a  substantial  research  effort  is  still  being  devoted  to 
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Tabic  l(>-7.  Inlctcompari^Hi  of  ihc  empirical-computer  based  ionospheric  models. 


Parameter 

Ionospheric  Models 

ITS-78 

lONCAP 

Bent 

IRI  79 

D  Region 

Non-deviative  and 
deviativc  absorp¬ 
tions  only 

Same  as  ITS-78 
+  E  Layer 
exponential 
extension  down 
to  70  km 

Not  mtxielcd 

Mcxleled 

E  Region 
foE 

h„,E 

Y„E 

Mtxleled  by  Leftin  ■ 
et  al.  |l%8| 

1 10  km  fixed 

20  km  parabolic 
shape 

Same  as  ITS-78 
+  exponential 
down  to  70  km 

Uftin  (19761 
coefficients 

Not  modeled 

Mcxleled 

Kouris  and 

Muggleton  |l973a.b) 

FI  Region 
foFI 

Not  modeled 

Rosich  &  Jones 
coefficients  1 1973) 

Not  modeled 

Modeled 

Eyfrig  |1955| 
Ducharmc  et 
al.  11973) 

h,„Fl 

Y„,P1 

■ 

hmFl/y„FI  =  4 
(fixed) 

F2  Region 

Bottomside 

foF2 

h„F2 

Y„F2 

Haydon-Lucas 
coefficients  1 1968) 
Shimazaki  eq  |I955) 

+  E layer 
retardation 

Kelso  1 1964] 

Same  as  ITS-78 

Bi-parabolic 

Bent  co¬ 
efficients 

Modeled 

Rawer  )198l) 

F2  Region  Topside 

Not  modeled 

Not  modeled 

Up  to  1000  km 

Mcxleled 

Rawer  (1981) 

E-F  Transition 

Region 

Not  modeled 

Modeled 

Not  modeled 

Maeda  (1971) 

Electron-Density  , 
Profile 

Not  computed 

Available  up 
to  h„F2 

Available  up 
to  3500  km 

Available  up 
to  If  'IO  km 

Electron,  Ion 
Temperatures 

Not  modeled 

Not  modeled 

Not  modeled 

Mcxleled 

Ion  CoirrHisition 

Not  modeled 

Not  modeled 

Not  mtxieled 

Mcxleled 

Total  Electron 

Content  (TEC) 

Not  computed 

Not  computed 

Computed 

Not  computed 

MUF 

For  short  path 
only 

Also  for  long 
pathOlO.OfX)  km) 

Not  modeled 

Not  mcxleied 

Short-Term  Predic¬ 
tion  of  M'JF 

Function  of  Kp 

Not  modeled 

Not  mcxleled 

Not  mcxleled 

Input  Parameters 
required 

Sunspot  number 

Sunspot  number 

Sunspot  number 
and  10.7  cm 
solar  llux 

Sunspot  number 
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Table  10-7.  (CimtinueJ) 


Parameter 

Ionospheric  Models 

Noise  Parameters 

Galactic 

Atmospheric 

Manmade 

Same 

Modified 

Same 

Not  modeled 

Not  modeled 

MUF  50% 

FOT90% 

HPF  10% 

Modeled 

Modeled 

Not  modeled 

Not  modeled 

System  Performance 

Modeled  for 
short  path 
(<3000  km)  , 

Also  has  a 
long  path 
option  ^ 
lO.bOO  km 

Not  modeled 

Not  modeled 

Antenna  Patterns 

U.sesITSA-1 

Package  with 

10  antenna 
options 

Modified 
lTS-78 
package  with 

17  antenna 
options 

Not  modeled 

Not  modeled 

Sporadic  E 

Modeled  in  terms 
of  occurrence 
frequency 

Same  as  ITS-78 

Not  modeled 

Not  modeled 

Circuit  Reliability 
Serv'ice  Probability 
Multipath  Evaluation 

Modeled 

Modeled  as 

ITS-78 

Not  modeled 

Not  modeled 

improving  our  knowledge  of  the  ionosphere  and  HF  prop¬ 
agation. 

Some  of  the  difficulties  associated  with  using  HF  for 
commun  ■-'ations,  broadcasting,  or  surveillance  stem  from 
the  ionosphere  itself  and  success  in  any  of  these  fields  de¬ 
mands  a  gcxxl  knowledge  of  the  ionosphere  and  its  vagaries. 
Irreducible  difficulties  associated  with  HF  propagation  can 
usually  be  "raced  to  characteristics  of  the  ionosphere  or  of 
radio  waves  propagating  through  any  lightly  ionized  me¬ 
dium.  Thus  it  is  essential  for  the  professional  user  of  HF 
to  have  a  gi>od  knowledge  of  both  the  ionosphere  and  radio 
wave  propagation. 

Much  has  already  been  written  about  the  ionosphere  and 
radio  wave  propagation  and  the  reader  should  look  else¬ 
where  for  details.  See.  for  example,  the  books  by  Davies 
(1966.  I969|.  David  and  Voge  (1969).  Rishbeth  and  Garriot 
(1969).  Hargreaves  |I979|.  Ratcliffe  |i97()|.  Lied  [19671. 
and  Picquenard  [  I974|.  The  four  volume  report  "Solar  Ter¬ 
restrial  Predictions  PriKeedings"  (Donnelly.  1979.  1980)  is 
an  excellent  supplement  to  these  books,  providing  more 
recent  reports  on  the  general  problem  of  forecasting  the 
solar-terrestrial  environment.  The  reports  of  Study  Group  6 
of  the  Consultative  Committee  for  International  Radio  (CCIR) 
are  also  a  very  useful  source  of  information,  and  are  par¬ 
ticularly  valuable  ix;cause  they  are  regularly  updated.  AGARD 


Lecture  Series  No.  127  on  “M^xlem  HF  Communications  ’' 
is  also  a  valuable  sourge  of  information  [AGARD.  198.^). 

It  is  the  intention  of  this  section  to  provide  a  broad 
overview  of  HF  propagation,  its  relationship  to  the  iono¬ 
sphere.  its  problems,  and  to  indicate  those  areas  of  current 
interest  to  users  of  HF.  A  basic  knowledge  of  the  ionosphere 
itself  is  a.ssumed  (see  Chapter  9  of  the  present  volume). 
Emphasis  will  be  placed  on  the  use  of  HF  for  comn’Uni- 
cations.  The  same  concepts  and  problems  also  apply  to  the 
use  of  HF  for  broadcasting  and  surveillance  (over-the-ho¬ 
rizon  radar).  .Section  10.6  covers  the  effects  of  over-the- 
horizon  radars  in  the  HF  band. 


10.4.1  Morphology  of  the  Ionosphere 

An  understanding  of  the  morphology  of  the  ionosphere 
is  an  essential  prerequisite  for  its  successful  use  as  a  C()m- 
munications  medium.  The  basic  theory  of  the  ionosphere 
and  its  variations  has  been  outlined  in  Chapter  9  t)f  this 
vo'unie-here  we  are  concerned  niainb,  with  how  the  iono 
sphere  varies,  rather  than  why  it  does. 

There  are  live  main  variations  of  the  electron  density  of 
the  ionosphere  that  must  be  taken  into  account: 
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Figure  10-42  l>ium;il  v;»riation’*  of  the  trilitjl  fre^oencicN  of  ihc  K,  Fi.  and  Fj  layers  tor  solar  maximum  (l‘^5X|  and  solar  minimum  (1964)  and  fv>r 
summer  {Jmiiar\i  and  sMnfer  (Junci.  al  a  lypital  midlatitude  suiiion  (Canberra)  The  puramcier  T  is  an  ionospheric  index  related  to  the 
Icsel  of  'o’ar  a^tivils . 
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rjiurc  10-43  The  i:coyniphic;il  Viinylion  «>t  ihc  cnocal  frequency  of  ihc  H  layer  as  a  funcllvm  of  local  lime  for  June  al  st>lai  minimum  (cenler  panel)  and 
solar  maximum  ibolion  panel)  The  Jnp  panel  ^htm^  ihe  \anahon  of  the  solar  /enilh  anylc  for  the  same  month. 
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1.  DIl'RNAl.-variation  thnmphoul  the  day.  which  is 
largely  due  to  the  vanaiion  uf  the  solar  zenith  angle. 

2.  StASONM.-throughout  the  year. 

L(X’AT'l()N'h»ith  geographic  and  geomagnetic. 

4.  SOLAR  Af  TIVITY-bolh  hmg  term  and  disturbances 
HhlGHT-the  dillerent  layers. 

These  variations  ha\e  all  been  deduced  experimentally, 
by  w<»rld-w  ide  observatii>ns  of  the  loitosphere  over  the  past 
few  decades.  I'he  reader  may  reler  to  Davies  1 1966.  Chapter 
.1|  and  Hargreaves  1 1979.  Chapter  .^|  for  details.  The  diurnal, 
seasonal,  solar  cycle  and  height  variations  of  the  ionosphere 
may  all  be  deduced  by  routine  monitoring  of  the  Ionosphere 
at  one  location.  T-igure  10-42  shows  these  four  variatirms 
for  a  typical  midlatitudc  station.  I9.‘ix  was  a  period  of  high 
solar  activity,  as  indicated  by  the  high  values  of  the  ionos¬ 
pheric  index.  T  (see  Section  10.4.4).  The  tigure  also  illus¬ 
trates  the  mid-latitude  seasonal  anomaly,  the  name  given  to 
the  initially  uncx|x;cted  fact  that  foL2  is  higher  in  the  winter 
than  in  the  summer,  in  spite  of  the  larger  solar  zenith  angle. 
This  atiomaly  and  others  arc  describe'd  by  I  iargreaves  1 1979. 
Chapter  .“i  | . 

(>nce  the  diurnal,  seasonal,  solar  cycle  and  height  vari¬ 
ations  of  the  ionosphere  at  a  given  location  have  been  de¬ 
duced.  the  next  step  is  to  measure  and  understand  the  vari¬ 
ation  with  I.K'ation.  Tliis  has  been  achieved  through  an 
international  clfon  of  observations  and  data  exchange,  and 
we  now  ha\e  reliable  maps  of  the  world-wide  distribution 
of  the  important  ionospheric  parameters.  The  accuracy  of 
these  maps  user  the  tvean  ureas,  where  no  observations  arc 
available,  still  remains  vriiK'what  limited  (Rush  ct  al..  I9S.^|. 

The  easiest  part  of  the  ionosphere  to  model  on  a  wtirld- 
wide  basis  is  the  H  layer.  Figure  10-4?  shows  the  vanation 
of  foH.  the  critical  frei|uency  for  the  F.  layer,  for  June'  at 
solar  minimum  and  solar  maximum.  The  ligure  also  shows 
the  variation  of  the  solar  zenith  angle  for  the  month,  and  it 
can  lie  seen  that  the  variat' m  of  foF  follows  closely  that  of 
the  sola'  zenith  angle.  In  fact,  the  \ariations  arc  so  close, 
indicating  that  foF  is  very  largely  solar  controlled,  that  it 
is  possible  to  use  a  simple  empirical  representation  to  deduce 
foF  for  a  given  zenith  angle,  x  Ih’f  example.  Hargreaves 
I979;  Muggleton.  I97l|: 

for:  =  .?..t  Id  r  O.OOXR)  cos  xl'^  MHz  . 

Note  that  foF.  also  varies  linearly  w  ith  sunspot  number.  R. 
increasing  by  about  20'/(  over  a  ty  pical  slow  cycle  for  a 
zenith  angle  of  zero. 

Sporadic  F  (Fs|  layers  also  t«,cur  in  the  height  range  of 
the  normal  F  region.  These  layers  are  patchy  and  only  a 
lew  kilometcTv  thick  at  mid  latituiles.  They  tend  to  appear 
and  disappear  almost  at  random  (hence  the  name),  but  have 
well-delincd  gr.iss  seasonal  and  latitudinal  variations.  Sec. 
for  example.  Hargreases  |I979.  p  9()|. 

The  FT  layer  is  similar  to  the  F  layer  (see  Figure 
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Figtia'  1 11-44  The  geographical  variation  of  the  critical  frequency  of  the 
f  I  layer  as  a  function  of  local  time  hw  June  at  solar  mii.- 
imum  and  maximum. 

10-44).  except  that  the  FI  layer  tends  to  disappear  in  winter. 
Harga-aves  (i979|  gives  the  following  formula  for  foFT: 

foFI  =  4.25  1(1  +  0.(X)I5R)  cos  xl"  MHz  . 

The  variations  of  foE  and  foFI  with  (cos  x)' ''  identify  both 
the  E  and  F  layers  as  well  behaved  Chapman  layers.  Other, 
nioic  accurate,  world-wide  representations  of  foFI  have 
been  given  by  Rosich  and  Jones  1 19731  and  Ducharmc  et 
al.  119711. 

Min  ing  on  to  the  F2  layer,  due  to  its  large  height  and 
electron  density  the  most  important  lay  er  as  far  as  HF  prop¬ 
agation  is  concerned,  we  lind  that  the  simple  situation  that 
holds  fttr  the  F  and  Ft  layers  does  not  hold  very  well  for 
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Figua*  10-45.  The  gcN»)irjphicaf  variation  of  the  critical  frequenev  ol  the 
K2  lavcf  for  iunc  at  vilar  minimum  and  maximum,  for  00 
UT  Wtirld  map>  Nuch  as  these  are  made  for  each  hour  of 
each  month  (576  maps) 

the  F2  layer.  Figure  10-45  shows,  for  example,  how  ihe  F2 
layer  critical  frequency.  foF2.  varies  over  the  earth  at  00 
UT  in  June,  for  low  and  high  solar  activities.  It  can  be  seen 
that  the  simple  structure  obtained  for  the  E  and  FI  layers, 
with  the  contours  of  foE  and  foFI  closely  following  the 
contours  of  the  solar  zenith  angle,  no  longer  applies  although 
a  clear  zenith  angle  dependence  can  be  seen  around  sunrise 
(~^)  to  -ntfE).  In  fact,  the  departures  of  foF2  from  a 
simple  R.  cos  '  ■‘x  dependence  are  so  great  that  it  is  necessary 
to  make  world-wide  obscrs'ations  to  determine  the  actual 
variations  of  foF2.  Detailed  studies  of  foF2  have  shown  that 
as  well  as  depending  on  R  and  cos  x-  f"F2  also  depends 
on  other  factors  such  as  electric  fields,  and  neutral  winds 
to  name  a  few.  and  its  large  scale  morphology  is  controlled 
by  the  geomagnetic  field. 

foF2  is  also  found  to  have  variations  with  latitude  which 
are  not  seen  in  foH  and  foFI,  For  example.  Figure  10-45 
shows  that  foF2  exhibits  two  aftemixm  peaks  I '-  1 2  MHz 
in  the  solar  maximum  portion  of  the  figure)  situated  on  either 
side  of  the  equator.  This  feature  is  known  as  the  equatorial 
anomaly  and  is  due  to  ciccirodynamic  lifting  of  the  layer  at 
the  equator  under  the  combined  influence  of  horizontal  elec¬ 


tric  and  magnetic  fields.  Theoretical  modeling  studies  of  the 
equatorial  ittnospherc  have  been  iS.-rfonncJ  by  Anderw/n 
1 198 1 1.  among  others.  Empiric.il  map*  ci'  l  .F?,  and  other 
ionospheric  paraoKters  have  be  ’ 

The  morphology  of  the '  ,  ic  -  r.i'.-  piK  •  •  .  ver 

more  complicated  than  that  <  .c  •  c-  i  .  ■ :  -  r'  re  -i.-id 
much  remains  unknown  abou.  t-.-o  ru  .  -  .  im¬ 
portant  feature  of  the  high  latite<le  .  a  iiiid 

latitude  ionosphere  tnxigh.  which  lies  c-q. (.•..rds  .  .t  iK; 
auroral  oval.  The  trough  is  a  narrow  feature  that  iiiO'  ■.•.  in 
step  with  geomagnetic  activity  and  thus  fails  to  appear  in 
monthly  median  maps  of  foF2.  However,  it  can  have  very' 
serious  effects  on  HF  communications  at  high  latitudes  be¬ 
cause  of  the.  strong  horizontal  gradients  asstx'iated  with  it. 
The  morphology  ,of  the  high  latitude  ionosphere  has  been 
reviewed,  for  example,  by  Hunsucker  |1979|.  Hunsucker 
et  al  1 19791  and  CCIR  ll981al. 

Lastly,  we  must  consider  the  15  region.  This  region  is 
of  no  direct  concern  for  HF  radio  propagation  since  the 
electron  densities  are  always  Uxi  low  to  reflect  HF  waves. 
However,  the  D  region  is  very  important  from  the  point  of 
view  of  absorption  of  the  energy  of  an  HF  wave,  especially 
at  the  lower  end  of  the  HF  band.  A  review  of  the  D  region 
and  the  prediction  of  its  effects  on  radio  piopagation  has 
been  presented  by  Thrane  |I979|.  Synoptic  mcxlcls  of  the 
D  region  electron  density  arc  unreliable  because  of  the  com¬ 
plexities  of  the  D  region  and  the  difficulties  encountered  in 
measurement  of  the  electron  density  profiles. 

Absorption  of  HF  waves  occurs  mainly  in  the  D  and 
lower  E  regions  of  the  ionosphere.  The  free  electrons  absorb 
energy  from  the  incident  wave  and  rcradiate  it  in  a  contin¬ 
uous  pnxress.  However,  if  an  energetic  electron  collides 
with  a  neutral  particle  before  it  can  rcradiate  its  energy  ,  this 
energy  will  be  taken  up  by  the  rieutral  particle  as  kinetic 
energy  and  will  be  lost  to  the  HF  wave,  that  is.  energy  will 
be  absorbed  by  the  medium. 

This  type  of  absorption  is  known  as  non-deviativc  ab¬ 
sorption  and  is  roughly  proportional  to  l/f’  where  f  is  the 
wave  frequency.  Extra  absorption,'  known  as  deviative  ab¬ 
sorption.  also  (Kcurs  near  the  reflection  level  The  non- 
deviative  term  usually  dorr.inatcs  for  oblique  propagation. 
If  the  operational  frequency,  1.  becomes  tixi  low.  the  ab¬ 
sorption  will  increase  to  the  point  where  the  signal  disap¬ 
pears  below  the  level  of  the  noise  at  the  receiver  site  and 
becomes  unusable.  This  frequency  is  known  as  the  lowest 
usable  frequency,  or  LL'F.  A  gixxl  treatment  of  absorption 
is  given  by  Davies  |I969,  Chapter  61  while  the  variations 
of  absorption  are  discussed  by  Davies  |I966.  Chapter  .J|. 

10.4.2  Simple  Ray  Propagation 

Many  of  the  operational  aspects  of  HF  propagation  may 
be  studied  using  simple  ray  concepts.  Figure  1(1-46  illus¬ 
trates  the  basic  geometry  of  a  one-hop  HF  circuit  Note  that 
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Figure  l<V46.  Simple  geometry  of  an  HF  oblique  ciraiit.  illu^ratitig  the 
essential  elements  of  the  circuit  The  fomtula  fur  the  nua- 
imum  usable  frequency  (Ml'F)  is  all  that  is  required  in 
many  calculations  fur  HF  propagation. 


the  diagram  ignores  the  ground  wave  which  is  usable  for 
ranges  up  to  about  SO- 100  km.  depending  on  the  frequency, 
antenna,  ground  conductivity,  etc.  The  reflected  ray  is  con¬ 
tinuously  retracted  as  it  passes  through  the  ionosphere  and 
if  sufficient  refraction  occurs  the  ray  will  be  bent  down 
sufflcicntly  to  reach  the  receiver.  Figure  10-46  also  shows 
one  of  the  most  basic  formulas  of  ray  propagation: 

MUF  =  f,  X  obliquity  factor  =  f^  x  k  x  sec  <h. 

that  is.  the  maximum  usable  frequency  (MUF)  is  equal  to  the 
product  of  the  critical  frequency.  U.  of  the  reflecting  layer 
and  an  obliquity  factor  related  to  the  geometry  of  the  cir¬ 
cuit.  Fora  flat  carth/iomisphcrc  approximation,  this  factor  is 
sec  <h.  where  <h  is  the  angle  of  incidence.  For  a  curs-ed  earth 
and  ionosphere,  the  factor  k  is  introduced  to  allow  for  the 
different  geometry.  This  factor  is  typically  of  the  order.  I .  I . 

In  practice,  the  obliquity  factor  fora  given  circuit  relying 
on  reflection  from  the  F2  layer  for  example,  is  obtained  from 


FOR  A  lOOOkm  CIRCUIT:  •  1 

E-MOOE  1 

1  F-MODE  1 

1-  hep 

2  -hop 

I'hep 

2 -hop 

•Itvetion  oflQl* 

9,0 

20.5 

28  1 

48  4 

K»  ••e(4) 

4.4 

2.6 

19 

1.3 

Figure  ll)-47  PI., is  shiming  ;hs-  ele  .ulinn  ancle  and  iihli^uily  I;kHw  (k  sec  it,!  f.n  pn,pugalii>n  via  ihc  F  and  F  layers  For  a  given  citciiil  length  and 
number  i»t  hups,  (hcsc  pItKs  nHow  the  required  clevjtMm  angle  inoccsNarN  btr  selceling  an  appnipruiie  anlennu)  and  t»b|iquH>  laettir  !»»r  the 
tii6o  lasofN  amtine  other  ihmi!>,  lor  consideration  of  possible  1:  layer  serecningi 


IONOSPHERIC  RADIO  WAVE  PROPAGATION 


Figure  10-44  Sample  ny  paih  fur  a  Hied  frequeiKy  bul  varying  elevalKin 
angle.  If  the  upctaling  frequency  is  above  Ihe  local  critical 
frequency,  high  elevation  rays  ssill  penetrate  and  there  will 
he  a  "skip  /one"  amund  the  transminer  which  cannot  he 
reached  hy  an  nmospherically  propagated  ray. 


Figure  10-MI  Sample  ray  paths  for  a  Hied  distance  hut  different  fre¬ 
quencies  .As  the  frequency  increases,  the  ray  must  pene¬ 
trate  fuither  into  the  Kmosphere  It  Ihe  frequency  is  too 
high,  that  is.  above  the  ML  F  for  Ihe  cireuil.  Ihe  ray  pen¬ 
etrates 

values  of  the  obliquity  factor  ftir  a  .VKX)  km  hop,  M(.V)00|F2. 
which  is  scaled  niutinely  trom  vertical  incidence  ionograms 
IPiggotl  and  Rawer.  I972|.  The  obliquity  factor  for  a  dis¬ 
tance  D  is  related  in  an  empirical  fashion  to  M(.^0(X)|F2. 
Figure  10-47  shows  how  the  value  of  k  sec  6  varies  with 
circuit  length  for  one  and  two  hop  K  and  F  layer  modes. 
Typical  values  for  the  F'  and  F  one-hop  rntnics  are  -5  and 
'  Figure  10-47  also  shows  the  elevation  angles  corre¬ 
sponding  to  the  different  propagation  modes. 

Figure  I0-4X  illustrates  ray  propagation  for  different 
frequencies  on  a  (tied  circuit.  As  the  frequency  increases, 
the  fay  must  penetrate  further  into  the  ionosphere  before  it 
is  refracted  to  the  horizontal  and  thence  back  to  the  ground. 
The  highest  frequency  that  can  be  rellectcd  back  to  the 
ground  is  the  Ml  'F  lor  that  circuit  Note  that  the  ray  cor¬ 
responding  to  the  ML  F  divs  not  reach  the  altitude  of  the 
peak  density  ol  the  layer.  h„,.„.  It  is  only  for  vertical  inci-' 
dence  that  the  ray  actually  reaches  h,„,„. 

Figure  I0-4M  illustrates  the  concept  of  the  skip  zone, 
which  is  a  zone  into  which  an  ionospherically  reflected 
signal  cannot  propagate.  The  figure  illustrates  the  effect  of 
different  elevation  angles  for  a  fixed  frequency.  As  the  el¬ 
evation  angle  increases,  correspondirg  to  a  shorter  circuit 
length,  the  ray  must  penetrate  deeper  into  the  ionosphere  in 
order  to  he  reflected.  However,  as  the  elevation  angle  in¬ 
creases  Ihe  obliquity  factor  k  see  di  decreases.  While  the 
pnxiuci  foF2  •  k  sec  <f>  remains  greater  than  Ihe  operating 
frequency  f.  Ihe  signal  will  be  reflected.  When  f  exceeds 
foF2  ■  k  sec  (b.  the  signal  will  penetrate  the  ionosphere. 


The  »r.a  sumrunding  the  transmitter,  which  is  defined  by 
k  sec  <{>  €  f/foF2.  is  known  as  the  skip  zone  for  that  fre¬ 
quency  land  location  and  time).  Signals  at  the  frequency  f 
cannot  penetrate  into  the  skip  zone,  although  the  ground 
wave  would  propagate  out  to  about  50-80  km.  Thi,s  phe¬ 
nomenon  can  also  be  used  U)  advantage  by  ensuring  that  an 
unwanted  receiver  lies  in  the  skip  zone  of  the  transmitter. 
When  the  value  of  foF2  above  the  transmitter  exceeds  the 
operating  frequency  there  is.  of  course,  no  skip  zone. 

HF-communication  via  ground  w'ave  is  important  in 
many  areas,  particularly  over  sea  and  Hat  land  with  high  con¬ 
ductivities.  where  reliable  circuits  may  be  established  up 
to  distances  of  several  hundred  kilometers.  The  conductivity 
of  the  surface  is  strongly  frequency  dependent  with  rapid 
attenuation  at  the  higher  frequencies.  In  the  past  CCIR  has 
published  a  set  of  curves  of  gixrund  wave  field  strength 
versus  distance.  CCIR  is  in  the  course  of  implementing  a 
computer  program  to  estimate  ground  wave  field  strengths. 
Ground  wave  propagation  may  be  quite  complex,  particu¬ 
larly  over  rough  terrain  and  over  mixed  land-sea  paths. 
There  is  a  need  for  better  charts  of  g.tHind  conductivity,  and 
in  some  cases  terrain  modeling  may  be  useful  and  imp*>r- 
tant.  Large  topographical  features  such  as  mountain  ranges 
and  glaciers  may  cause  reflections  and  strong  attenuation, 
and  vegetation,  soil  humidity  and  snow  cover  also  influ¬ 
ence  the  propagation  characteristics. 

We  have  seen  that  the  MIT'  for  a  given  circuit  is  set  by 
the  density  of  the  ionosphere  at  the  reflection  point  and  the 
geometry  of  the  circuit.  For  a  multi-hop  circuit,  the  MIT' 
is  set  hy  the  lowest  of  the  MLT's  for  the  individual  hops. 
The  lowest  usable  frequency  (l.l'F),  on  the  other  hand,  is 
set  by  absorption  of  the  signal  by  the  ionosphere  and  by  the 
generally  pixir  [vrl'ormanee  (low  gain)  of  most  HF  antennas 
at  low  frequencies. 


10-53 


CHAPTER  10 


10.4.3  Requirements  for 

Successful  Communications 

Under  normal  operating  conditions,  there  arc  three  fac¬ 
tors  that  must  be  considered  to  achieve  successful  com¬ 
munications.  These  are 

1 .  ChcKtsing  a  suitable  operating  frequenc) . 

2.  Choosing  a  suitable  antenna  system. 

3.  Ensuring  that  the  wanted  signal  is  at  a  level  above 
that  of  the  IcKal  radio  mtise  at  the  operating  frequency. 

The  choice  of  a  suitable  operating  frequenty  is  the  sub¬ 
ject  of  main  concern  in  the  present  context  since  this  is 
where  a  knowledge  of  ionospheric  physics  and  radio  wave 
propagation  is  required.  This  choice  will  be  discussed  in 
SeciKHi  .10,4.4.  The  choice  of  a  suitable  antenna  system 
w  ill  require  matching  the  antenna  pattern  to  the  propagation 
angles  of  the  HF  signals— these  can  be  deduced  using  the 
iontrspheric  models  developed  for  clKxrsing  a  suitable  op¬ 
erating  frequency.  However  in  many  cases  practical  con¬ 
siderations  will  intervene  and  a  far  from  ideal  antenna  will 
be  used.  The  ideal  antennas  tend  to  be  very  expensive  and 
mobile  operators  especially  will  often  be  forced  to  use  a 
random  wire  hung  over  a  tree.  As  a  general  rule  of  thumb, 
horizontal  antennas  are  required  for  short  circuits  and  ver¬ 
tical  antennas  are  required  for  long  circuits.  The  ubiquitous 
whip  antenna  is  absolutely  the  worst  (but  probably  the  most 
common!*  chtrice  for  short  sky-wave  circuits  since  its  an¬ 
tenna  pattern  has  a  null  in  the  vertied  direction.  Antenna 
patterns  for  the  common  antennas  can  be  obtained  from 
Lloyd  et  al.  |I978|.  Table  10-8  gives  a  brief  summary  of 


Figure  ID- SO.  Sketch  illustniing  the  fact  that  the  antenni  pettem  should 
match  the  iti^uired  pnipagatHin  mode  fur  a  given  circuit. 


the  situation.  Note  that  the  radiation  pattern  of  an  antenna 
is  a  function  of  frequency  so  that  an  antenna  appropriate 
for  a  low  HF  frequency  may  have  ?  very  poor  performance 
at  a  higher  frequency.  Selection  of  the  correct  antenna  will 
not  only  ensure  that  the  bulk  of  the  transmitted  power  goes 
at  the  required  elevation  angle,  but  can  also  be  used  to  select 
a  particular  propagation  mode  and  thus  avoid  multipath  in¬ 
terference.  Multipath  interference  arises  when  the  trans¬ 
mitted  signal  arrives  at  the  receiver  over  two  or  more  sep¬ 
arate  propagation  paths  with  different  time  delays. 

Figure  10-50  illustrates  propagation  via  IF  and  2F  prop¬ 
agation  modes,  with  an  antenna  pattern  whose  lobe  favors 
the  higher  angle  2F  ,mode  and  almost  completely  prohibits 


Tabic  td'M  Suitable  Mmpic  antennjN  ftir  use  km  paths  fnmi  0  to  nxKc  than  .^X)  km. 


Path  Length  (km) 

Required  Radiation 
(Elevation)  Angles 

Suitable  Simple  Antenna 

0-2(K) 

60“-90“ 

Horizontal  dipole:  bnradside 
is  required  azimuth.  0.25 
wavelength  (8)  above  ground. 

2(K)-500 

40°-70“ 

Horizontal  dipole:  broadside 
to  required  azimuth.  0.3  8 
above  ground. 

.5(8)- 1(8)0 

25V50° 
and  l0°-20° 

0.25  8  vertical  monopole,  or 
horizontal  dipole,  bnradside  to 
required  azimuth  C.5  8  above 
ground. 

1(88)- 2(88) 

IO'’-30° 

and  low  angles 

Vertical  monopiile  up  to  0.3  8 
long  with  gnmnJ  screen. 

2(88)-.k(88) 

5''-l5'’ 
and  20“-3()° 

Vertical  monopole  iip  to  0.3  8 
long  with  ground  screen. 

>  .^(88) 

low  angle. 

Vertical  monopole  up  to  0.6  8  ■ 
long  with  ground  screen. 
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Figure  10-5 1 .  Skeleh  illu>lnuing  l  k  fuel  that  the  unlcnru  stuKilJ  he  chosen 
to  nuich  the  circuit  length  The  jntenn)>  puttem  illuclraiett 
i%  mg  iipproptiate  tor  short  circuits  iR  ~  300  kmi. 

pntpagitliofl  via  the  if  motie.  The  impact  of  the  choice  of 
an  antenna  for  a  given  circ  jit  is  illustrated  in  Figure  10-51 
lex  hop  lengths  of  300  and  1000  krn.  In  this  case,  the  antenna 
heavily  favors  the  longer  circuit  and  is  quite  inadequate  f«x 
short-haul  circuits. 

Given  a  frequency  that  the  iitnosphere  will  support  and 
an  antenna  which  emits  sufticient  power  in  the  direction 
taken  by  the  signal  that  arrives  at  the  receiving  site,  the 
third  ihing  to  ensure  is  that  the  signal  strength  is  above  the 
strength  of  the  liKal  radio  noise.  This  noise  can  be  natural 
IX  manmade.. Below  abirut  20  MH/.  natural  noise  is  caused 
by  either  distant  thunderstorms,  which  cause  a  general  in¬ 
crease  in  backgn.iund  noise  level,  or  liKal  thunderstorms 
which  are  usually  much  more  obvious  causes  of  pixx  signal- 
to-noise  ratio.  Galactic  cosmic  noise  becomes  the  domi¬ 
nating  natural  noise  abiwe  '-20  MH/  when  it  penetrates  the 
ionosphere  fn>m  above  at  frequencies  above  foK2.  The  wixld- 
wide  distribution  and  characteristics  of  atntospheric  radio 
ni>ise  can  be  obtained  from  the  CCIR  Report  332  (CCIR. 
1*3631,  Manmade  noise  includes  such  things  as  industrial 
noise  due  to  welders,  diathermy  machines,  car  ignition, 
power  lines  and  so  on.  Interference  from  other  communi¬ 
cators  using  the  same  operating  frequency  can  also  be  re¬ 
garded  as  noise 

There  are  many  techniques  available  to  ensure  an  ade¬ 
quate  signal-to-noise  ratio.  The  more  environmentally  ac¬ 
ceptable  methiMj  is  to  aim  at  lowering  the  noise  level.  This 
can  be  achieved  by  chixising  as  a  receiver  site  some  liKaiion 
that  is  remote  f'-om  the  major  sourees  of  manmade  noise, 
which  usually  entails  K’ing  away  from  major  cities.  Some 
noise  rejection  is  also  possible  using  hori/ontally  polarized 
antennas  which  de-select  the  l(x.al  noise  that  tends  to  be 
vertically  polarized.  Careful  attention  to  the  azimuth  of  the 
main  lobe  of  the  receiving  antenna  can  also  result  in  the 
beam  not  being  aimed  at  a  nearby  source  of  noise  In  heavily 
urbanized  areas  (turope.  bast  and  West  Coast  of  the  I’nited 
Slates),  the  noise  level  is  often  set  by  the  large  number  of 
other  c'ommunicalors. 


if  an  adequate  signal-to-noise  ratio  cannot  be  obtained 
by  lowering  the  noise  level,  it  is  necessary  to  increase  the 
signal  level.  Some  increase  in  signal  level  can  be  achieved 
by  choosing  an  antenna  that  has  mote  gain  at  the  given 
operating  frequency  and  elevation  angle.  This  is  one  a|>- 
prt>vcd  solution.  An  altcniate  stiluiion  is  to  increa.se .  the 
transmitter  pxtwer. 


10.4.4  Predictions  for  HE  Communications 

The  Hrst  step  in  predicting  Hb  communication  condi- 
tiixis  is  to  set  up  an  appropriate  mtxJel  of  the  ionosphere. 
To  have  practical  application,  this  model  must  include  all 
tive  main  variations  of  the  electron  density  distribution  of 
the  ionosphere  (altitude.  Iixation.  diurnal,  seasonal,  solar 
cycle),  must  include  souk  nwasure  of  the  remaining  vari¬ 
ability  t>f  the  ionosphere  after  these  main  variations  have 
been  acci>unied  fix.  must  exist  as  a  reasonably  efiicient  and 
fast  computer  ct)de.  and  tnust  possess  stutK’  meth*)d  for 
projection  forward  in  time.  Ideally,  it  should  also  be  capable 
of  a  mridelled  response  to  short  time  scale  events  such  as 
shortwave  fadcouls  and  ionospheric  stomts.  (These  are  dis¬ 
cussed  in  Section  It)  4.6.) 

Most  ol  the  ionospheric  models  used  for  communication 
predictions  are  empirical  mixJels  based  on  w«xld-wide  ob¬ 
servations  of  the  ionosphere  i>ver  the  past  four  decades. 
Observations  of  the  main  parameters  of  the  ionosphere,  fob. 
foFl.  foF2.  .M(.^()()0)F2.  and  bs  have  been  used  to  pnxluce 
worldw  ide  contour  maps  of  monthly  median  values  of  these 
parameters  for  each  hour  of  each  month  and  for  low  and 
high  levels  of  solar  activity.  An  example' of  such  maps  is 
given  in  f'igure  10-45.  To  calculate  the  maximum  usable 
frequency  (MUF)  for  a  given  circuit,  hour  and  mon;h.  the 
values  of  fob2  and  M(  .''(KX))F2.  for  example,  are  determined 
by  interpolation  in  the  appropriate  world  map  for  the  ex¬ 
pected  pointts)  of  rellection  of  the  signal.  For  a  level  of 
solar  activity  other  than  the  low  or  high  levels  lor  which 
the  maps  are  drawn,  values  of  the  ionospheric  parameters 
are  obtained  by  interpolating  in  each  of  the  low  and  high 
activity  level  maps  and  then  inteqxtlating  again  in  these 
results  to  lind  the  values  appropriate  to  the  given  level  of 
activity. 

In  practice,  the  only  prediction  actually  performed  in 
making  predictions  of  suitable  Hb  operating  frequencies  is 
that  of  the  general  level  of  solar  activity  that  can  be  expected 
to  pertain  at  the  epoch  for  which  the  predictions  have  been 
made  This  prediction  is  usually  made  in  the  fomi  of  some 
ionospheric  or  solar  index,  which  is  a  single  parameter  de¬ 
scribing  the  gross  behavior  of  the  ionosphere,  and  which  is 
used  io  drive  the  computer  program  The  most  common 
index  used  tor  prediction  programs  such  as  the  I  S.  pro¬ 
grams  lONC'AI’  and  ITS-7S.  and  by  the  C'(  IR ,  is  the  average- 
sunspot  number,  R,  ..  However.  Wilk  -,son  |I’)X2!  has  shown 
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Fijiurc  MI-52  The  variation  of  the  monthly  median  value  of  foF2  for 
June.  Ihl  IT.  at  Bnshane.  Australia,  as  a  funetion  of  the 
tonosphens'  index.  T.  Kach  data  point  represents  the  value 
for  June  lor  years  194.5- 1  Wttl 

that  any  index  hased  tin  the  Kimisphere  ilseir.  such  as  IF2 
IMinnis  and  Ba//ard.  I96l)|  is  usually  preferable  to  a  purely 
»)lar  index  such  as  R,.s.  Figure  10-52  illustrates  the  rela¬ 
tionship  between  the  itinospheric  index.  T  ITurner.  lOhH; 
Turner  and  Wilkinson.  IV7‘J|  and  the  monthly  median  values 
of  foF2  at  Brisbane.  Australia  for  (X)  UT  in  June  ( 10  LTI. 
Each  data  ptiint  represents  data  for  June  in  the  years  I94,T 
to  1980.  The  low  dispersion  of  the  data  points  ab»>ut  the 
regression  line  indicates  the  usefulness  of  the  T  index  for 
describing  ionospheric  conditions.  The  selection  of  the  cor¬ 
rect  index  for  some  future  ep<x:h  w  ill  become  more  uncertain 
as  the  lead  time  increases  because  of  our  general  inability 
to  predict  the  detailed  behavior  of  the  sun. 

Predic.ions  of  the  main  critical  frequencies  and  heights 
of  the  ionosphere,  together  w  ith  some  simple  geometry  (Sec¬ 
tion  10.4.2).  are  adequate  for  the  calculation  of  the  appro¬ 
priate  frequencies  to  use  for  c(>mmunicatior  on  a  given 
circuit  It  is  also  possible  to  determine  elevation  angles  of 
the  possible  propagation  modes  (and  ihence  chixise  a  good 
antennal  and  to  determine  the  conditions  under  which  some 
adverse  propagation  conditions  will  exist. 

The  calculation  of  the  transmitter  power  required  to  yield 


an  appropriate  signal-ttvnoisc  level  at  a  receiver  site  is  a 
much  more  complicated  pr(K'edure  than  the  calculation  of 
the  MUF.  The  required  transmitter  power  is  of  no  small 
matter  since  the  cost  of  the  transmittci  iiKrcases  dramatically 
with  the  power.  The  noise  level  may  be  either  measured  at 
the  site  or  estimated  from  empirical  data  bases  such  as 
,  provided  by  CCIR.  Sec  for  example  Davies  j  1966.  Chapter 
71andCCIR|l%.4|. 

There  arc  two  other  main  concerns  here,  the  antenna 
and  the  transmitter,  but  let  us  assume  that  an  appropriate 
antenna  with  a  known  gain  has  already  been  selected.  To 
calculate  the  required  transmitter  power,  we  need  to  cal¬ 
culate  the  losses.  These  include  deviative  and  non-deviativc 
absorption  losses,  basic  frce-spacc  transmission  loss,  mul- 
tihop  ground  reflection  loss,  polarization  coupling  loss,  spo¬ 
radic  E  obscuration  loss  and  horizon  fiKUs  gain  (a  negative 
loss).  The  largest  of  them  is  the  free-space  loss,  and  this 
increases  with  the  length  of  the  propagation  path. 

,  Because  the  circuit  losses  depend  on  the  pfnpagation 
path,  all  possible  paths  must  be  considered  and  compared. 
Reliable  determination  of  the  actual  propagation  paths  re¬ 
quires  a  reliable  model  of  how  the'  electron  density  varies 
with  altitude  up  to  the  peak  of  the  F2  layer.  Suitable  models 
of  this  N(b)  vari.  tion  have  been  developed  by  Bradley  and 
Dudeney  1 1 97.5 1 .  among  others .  As  well  as  being  an  accurate 
representation  of  the  real  N(h)  distribution,  such  a  model 
must  also  be  contputationally  simple  because  it  is  used  many 
times  in  the  determination  of  the  virtual  reflection  heights, 
h'.  and  thence  the  possible  propagation  modes.  The  Inter¬ 
national  Reference  Ionosphere  (Lincoln  and  Conkright.  1981) 
may  also  be  used  to  deduce  an  N(h)  profile,  but  this  model 
has  not  been  designed  for  the  speed  that  is  required  in  routine 
field  strength  calculations. 

The  ionospheric  models  cuncntly  available  for  use  in 
studies  of  HF  propagation  have  been  reviewed  by  Dan- 
dekar)  1982)  andCJivodman  ( 1 9K2|  (see  also  Section  10.  .5). 
Full  descriptions  of  the  techniques  used  to  calculate  field 
strengths  at  a  receiving  site  are  given  by  Davies  (1966. 
Chapter  71.  Lloyd  el  al.  |I978|  and  CCTR  |;97().  19781. 
A  straight  forward  approach  to  obtaining  MUF's  for, var¬ 
ious  modes  and  their  respective  path  losses  which  also 
permits  the  inclusion  of  realistic  antenna  patterns  for 
transmit  and  receive  sites  is  available  in  the  lONC'AP 
program  I  Lloyd  et  al..  I978|.  The  model  computations 
arc  based  on  a  three  layer  (F2.  FT.  H)  representation  of 
the  electron  density  profile  with  ITS78  coefficients  being 
used  to  determine  the  (R, -dependent)  foF2  value.  The  ion¬ 
ospheric  parameters  are  evaluated  at  the  reflection  p<iints 
and  two  dimensional  ray  tracing  is  applied,  assuming  lo¬ 
cal  horizontal  stratification.  For  the  most  reliable  results, 
simplistic  approaches  to  propagation  mode  determination 
must  be  replaced  by  ray  tracing  techniques  such  as  de¬ 
scribed  by  Davies  1 1969.  Chapter  7|.  These  techniques 
are  essential  when  large  horizontal  gradients  exist  in  the 
ionosphere,  but  are  rarely  used  for  routine  calculations 
because  they  are  very  time  consuming. 
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Figure  10-53.  Plot  of  liie  obscn-cd  valuer  of  foF2  a  miJIatitudc  statum. 

December  I9H(),  as  a  funcluKi  of  liKai  lime  At  e^cii  iHHir 
there  are  31  data  pitints  of  obsersations  tie  within 
the  dashed  upper  and  lower  decile  curves. 

10.4.5  Problems  with  HE  Communications 

The  use  of  the  ionosphere  for  cummunication.  broad¬ 
casting.  and  surveillance  is  fraught  with  difficulties,  some 
of  which  have  already  been  mentioned.  Predictions  of  the 
MUF.  LUF.  and  field  strengths  rely  on  median  models  of 
the  ionosphere  and  can  therefore  specify  only  mean  prop¬ 
agation  conditions.  A  knowledge  of  the  spread  of  values 
about  the  median  is  required  for  successful  communication 
for  more  than  50'.i-  of  the  time,  and  such  statistics  are  in 
fact  usually  provided  by  the  better  prediction  programs.  For 
quiet,  undisturl/ed  conditions,  this  spread  about  the  median 
is  typically  15‘5f-20<^.  See  for  example  Figure  10- .5.^. 

Even  when  conditions  are  undisturbed  and  the  com¬ 
municator  has  chosen  an  appropriate  operating  frequency, 
antenna,  and  transmitter  ptower.  propagation  problems  are 
still  encountered.  Some  of  these  are  associated  with  events 
on  the  sun  and  will  be  discussed  in  Section  10.4,6.  Here 
we  wish  to  consider  some  ’  problems  that  can  occur  even 
when  the  ionosphere  is  being  cooperative. 

10.4.5. 1  Multipath  Propagation.  We  have  already  seen 
in  Section  10. 4. that  propagation  will  normally  occur  by 
several  paths,  for  example,  the  I F  and  2F  modes  (see  Figure 
10-50).  The  received  signal  will  be  the  vector  sum  of  all 
waves  arriving  at  the  receiver.  If  the  different  signal  paths 
change  with  time  in  direrent  ways,  deep  and  rapid  fading 
may  txrcur.  sometimes  causing  the  signal  level  to  drop  below 
the  local  noise  level.  Different  modulation  techniques  are 
affected  in  different  ways  by  this  multipath  fading. 

Multipath  propagation  may  stsmetimes  be  eliminated  froiri 


a  circuit  by  choosing  a  frequency  that  is  ::upported  by  only 
one  propagation  mode  (for  example,  use  a  frequency  above 
the  2F  MUF  but  below  the  IF  MUF)  or  by  choosing  an 
antenna  that  heavily  favors  one  propagation  mode.  Diversity 
techniques,  in  which  the  same  information  is  sent  in  two  or 
more  ways  and  recombined  at  the  receiver,  can  also  be  used 
to  overcome  the  effects  of  fading.  Example  are  space  (spaced 
antennas),  frequency,  angle  of  arrival,  and  polarization  di¬ 
versity. 

10.4.5.2  Sporadic  E.  Sporadic  E  is  a  two-faced  phenom¬ 
enon  having  both  advantages  and  disadvantages.  There  is 
no  doubt  that  when  a  strong  sporadic  E  layer  is  present,  it 
presents  an  ideal  propagation  mode  suitable  even  for  me¬ 
dium  speed  digital  data  transfer.  However,  a  dense  Es  layer 
can  screen  the  F  layer,  preventing  signals  from  ever  reaching 
that  layer  and  causing  Es-F  combination  propagation  modes 
that  may  have  none  of  the  desired  characteristics — the  sig¬ 
nals  may  miss  the  target  or,  may  arrive  at  an  angle  not 
specified  in  the  original  receiving  antenna  design.  Many 
prediction  schemes  for  HF  propagation  include  statistical 
occurrence  rates  for  Es  propagation  modes,  but  the  Es  layer 
remains  essentially  unpredictable. 

10.4.5.3  Problems  in  High  Latitudes.  After  major  solar 
flares  with  particular  characteristics,  high  energy  protons 
penetrate  into  the  lower  ionosphere  at  the  poles  and  causes 
wide-spread  and  lung-lasting  disruptions  to  HF  communi¬ 
cations.  The  polar  cap  absorption  event  is  discussed  briefly 
in  Section  10.4.6.  The  penetration  of  electrons  with  energies 
in  excess  of  10  keV  into  the  D  region  leads  to  increased 
absorption  in  the  auroral  zone.  Tnis  auroral  absorption  may 
have  severe  consequences  for  circuits  crossing  the  auroral 
zone,  but  strong  absorption  is  usually  limited  geographically 
to  patches  a  few  hundred  kilometers  in  extent  and  the  du¬ 
ration  is  typically  half  an  hour  to  a  few  hours. 

An  important  feature  of  the  undisturbed  high  latitude 
ionosphere  is  the  great  variability  in  space  and  time.  This 
varianility  severely  limits  the  usefulness  of  a  median  model 
of  the  ionosphere.  The  F  region  trxiugh.  which  marks  a 
transition  between  the  midlatitude  and  high -latitude  iono¬ 
spheres.  tan  have  severe  and  detrimental  effects  on  signals 
propagating  through  it.  The  sharp  gradients  at  the  walls  can 
cause  reflections  and  result  in  off-great-circle  propagation. 

Propagation  in  the  auroral  region  may  introduce  rapid 
and  severe  fading  of  HF  signals.  Diversity  techniques  or 
some  sort  of  real  time  channel  evaluation  technique  (see 
Section  10.4.9)  therefore  beconie  almost  mandatory. 

The  polar  cap  ionosphere  in  darkness,  of  importance  to 
long  distance  HF  communication  between  higher  latitude 
stations  such  as  in  Canada  and  northern  Europe,  is  essen¬ 
tially  unpredictable  for  HF  purposes.  Enhanced  F  ionization 
regions  resulting  from  particle  precipitation  are  randomly 
distributed  within  a  low  density  background  ionization.  Es¬ 
pecially  during  slightly  disturbed  conditions  polar  cap  plasma 
convection  moves  high  density  particles  anti-sunward  at 
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high  velocities  (Buchau  et  al.  I983I.  These  changes  will 
result  in  rapid  MUF  and  mtxle  variations  and  will  in  general 
lead  to  p»H>r  channel  perl'ormance.  MUF  variations  of  typ¬ 
ically  several  MHz  faim  hour  to  hour  and  day  to  day  were 
ohservcd  on  an  arctic  link  |Petrie  and  Warren,  I968|.  In 
summertime  the  FI  mtxle  tends  to  dominate  the  mid-morn¬ 
ing  MUF.  anJ  during  winter/solar  minimum  conditions  Es 
modes  over  transpolar  circuits  (for  example.  Andoya.  Nor¬ 
way  to  College.  Alaska)  have  a  greater  than  occurrence 
IHunsucker  and  Bates.  1969|. 

10.4.5.4  Problenu  in  Low  Latitudes.  HF  communica¬ 
tion  problems  at  low'  latitudes  due  to  sleep  spatial  and  tem¬ 
poral  gradients  have  been  discussed  by  Lakshmi  ct  al.  1 1‘}80|. 
The  very  steep  gradients  in  foF2  during  sunrise  hours  give 
rise  to  several  difficulties  |l.akshmi  et  al..  1980): 

1 .  HF  link  operators  are  expected  to  get  their  frequencies 
cleared  from  the  appropriate  governmental  authority  well  in 
advance  and  it  is  usual  practice  to  fix  one  frequency  for  the 
daytime  and  another  for  the  nighttime.  The  use  of  the  night 
frequency  during  sunrise  will  require  much  more  power  than 
is  normally  permitted  while  the  frequency  allocated  for  the 
daytime  will  be  higher  than  the  MUF  during  the  transition 
peririd. 

2.  Point-Uvpoint  links  normally  use  inexpensive  tuned 
directional  antennas,  and  frequent  change  of  operational 
frequency  is  deleterious  fmm  the  point  of  view  of  antenna 
efficiency. 

3.  In  the  case  of  long  distance  circuits  in  the  east-west 
direction  involving  multi-hop  F  region  propagation,  the 
problem  of  the  sunrise  period  will  extend  to  a  large  number 
of  hours,  because  the  different  F  region  reflection  points 
will  fall  in  the  sunrise  transition  location  at  different  periods. 

The  steep  gradients  associated  with  the  equatorial  anom¬ 
aly  cause  problems  with  north-south  circuits.  For  example, 
if  we  consider  the  anomaly  peak  in  the  northern  hemisphere 
to  be  at  l.‘)‘'N  geomagnetic  latitude,  if  a  north‘-south 
HF  circuit  is  operating  such  that  the  reflection  point  is  on 
either  of  the  sides  of  the  peak,  and  if  the  frequency  of  the 
link  is  very  close  to  the  MUF.  a  peculiar  situation  arises. 
If  the  point  of  reflect;  is  equatorward  of  this  anomaly 
peak,  the  radio  w?-  ?s  incident  on  the  ionosphere  for  the 
northern  circuit  '.il  c;  .tinuously  encounter  increasing  lev¬ 
els  of  electron  t,.‘ns!')  due  b»ith  to  the  vertical  gradient  as 
the  radiowave  penetrates  higher  into  the  ionosphere  and  the 
horizontal  gradient  as  the  wave  progresses  in  the  direction 
of  increasing  electron  density.  On  the  other  hand  for  the 
same  link  in  the  return  direction,  the  horizontal  gradient  is 
reversed.  Thus  the  real  MUF  values  for  the  two  opposite 
directions  in  the  same  circuit  can  vary  by  a  large  margin 
depending  on  the  angle  of  incidence  and  on  the  magnitude 
of  the  horizontal  gradient.  In  fact,  rather  frequently,  espe¬ 
cially  when  the  operating  frequency  is  close  to  the  MUF 
(calculated  ignoring  horizontal  gradients),  only  one  way 
communication  would  be  possible.  This  has  been  one  of  the 


unusual  complaints  in  the  Indian  Subcontinent  [Lakshmi 
et  al..  1980). 

10.4.5.5  Spread  F  and  Irregularities.  Small  scale  ir¬ 
regularities  of  ionization  seem  to  exist  at  every  level  of  the 
ionosphere  superimposed  on  the  background  of  ionization 
discussed  in  previous  sections.  They  affect  the  propagation 
of  radio  waves  and  their  characteristics  may.  therefore,  be 
determined  by  radio  techniques  (see  for  example,  Rishbeth 
and  Garrioti.  (1969).  Section  6.4).  When  seen  on  iono- 
grams.  the  presence  of  irregularities  is  described  as  “spread 
F'.  the  spreading  being  either  in  the  range  or  frequency 
domain.  The  corresponding  descriptions  are  “range  spread¬ 
ing"  and  “frequency  spreading",  and  parameters  describing 
this  spreading  are  scaled  routinely  from  ionograms  [Piggott 
and  Rawer.  1972).  Many  morphological  studies  of  spread 
F.  showing  its  diurnal,  seasonal,  solar  cycle  and  latitudinal 
variations,  have  been  published  (see  for  example  Herman, 

1 1966)  or  Singleton.  1 198()|,  and  references  cited  therein). 
An  earlier  review  of  spread  F  and  some  of  the  effects  on 
radio  propagation  has  been  given  by  Newman  1 1966).  Most 
morphological  studies  of  spread  F  have  been  concerned  with 
frequency  ;>preadiiig.  The  cha.*acteristics  of  range  spreading 
are.  however,  quite  different  and  only  a  few  studies  of  this 
type  of  variation  have  been  made  (see  fo'  xample  Cole  and 
McNamara,  [1974)).  At  equatorial  regions,  range  spreading 
is  often  associated  with  the  large  scale  electron  density  de¬ 
pletions  known  as  bubbles  or  plumes  |Basu  et  al  ;  1980c; 
Tsunoda.  1980;  and  Tsunoda  et  al..  1982). 

Hie  effects  of  irregularities  on  radio  propagation  are 
most  important  on  paths  that  cross  the  equator  when  prop¬ 
agation  actually  relies  on  the  presence  of  the  irregularities 
[Nielson  and  Crochet.  1974).  Most  recent  efforts  on  de¬ 
scribing  the  effects  of  irregularities  on  communications 
have  concentrated  on  the  effects  of  irregularities  on  trans- 
ionospheric  propagation,  where  the  problem  of  scintillation 
is  encountered.  This  subject  is  covered  in  Section  10.7,  this 
Chapter. 

10.4.6  Disturbances  to  Normal 
Communications 

Wc  have  previously  seen  that  HF  communications  are 
subject  to  sudden  and  often  large  disturbances  due  to  events 
that  originate  on  the  sun.  .Solar  flares  can  cause  immediate 
arid  complete  absorption  of  HF  radio  waves  by  greatly  en¬ 
hancing  the  absorption  suffered  as  the  waves  pass  through 
the  D  region.  These  events,  called  short-wave  fadeouts  (SWF), 
are  due  ,o  increased  ultraviolet  and  x'-ray  fluxes,  and  can 
therefore:  iKcur  on  only  the  sunlit  side  of  the  earth.  Major 
flares  can  also  eject  a  stream  of  protons  which  can  p.’netrate 
the  ionosphere  near  the  magnetic  poles  and  give  rise  to 
complete  blackout  of  HF  communications  in  polar  reeions. 
Such  events  are  called  polar  cap  absorption  events  ‘  s) 
and  can  last  tor  days  depending  on  the  size  of  the  flare  and 


how  well  it  is  connected  magnetically  to  the  earth.  The 
SWFs.  on  the  other  hand,  usually  last  from  a  few  minutes 
to  a  few  hours  at  the  greatest  and  are  most  severe  at  low 
latitudes  (see  Section  10.5). 

Many  large  flares  also  eject  a  cloud  of  plasma,  which 
if  geometrical  and  interplanetary  magnetic  field  conditions 
are  favorable,  can  intersect  the  earth's  magnetosph^'c  and 
cause  both  geomagnetic  and  ionospheric  storms.  The  geo¬ 
magnetic  storm,  in  which  the  earth's  magn  ;iic  field  is  usu¬ 
ally  depressed  below  its  nonnal  quiet  day  vaiu?,  is  a  result 
of  a  strong  enhancement  of  the  ring  current  and  of  no  in¬ 
trinsic  interest  to  the  HF  communicator,  but  is  a  useful  and 
readily  available  indicator  of  an  accompanying  disturbance 
to  the  ionosphere  and  thus  to  communicators.  The  iono¬ 
spheric  storms  are  of  concern,  however,  especially  when 
the  effect  of  the  storm  is  to  decrease  the  MUF  on  a  circuit 
to  well  below  the  predicted  levels. 

The  physics  of  ionospheric  storms  is  not  yet  completely 
under'tood,  bui  it  is  well  established  that  both  electric  fields 
and  thermospheric  winds  (see  Chapter  17)  play  a  role.  See 
for  example  Hargreaves  1 1979,  Chapter  1 1 1. 

The  effect  of  a  storm  at  a  given  location  can  be  either 
to  increase  the  value  of  foF2  (a  so-called  positive  phase  or 
enhancement)  or  to  decrease  the  value  of  foF2  (a  negative 
phase  or  depression),  or  to  do  both,  a  long  depression  fol¬ 
lowing  short  enhancement.  What  actually  happens  depends 
on  such  things  as  local  time  of  on;.et  of  the  storm,  station 
latitude,  and  season.  During  winter,  most  storm  effects  tend 
to  be  enhancements,  whereas  in  summer  and  equinox 
depressions  often  follow  short-lived  enhancements.  It  is  the 
depression  that  causes  the  major  communications  prob¬ 
lems — the  enhancements  often  go  unnoticed  by  communi¬ 
cators.  Major  depressions  last  typically  for  a  day  and  can 
decrease  the  MUF  by  a  factor  of  two.  Storm  effects  are 
much  more  marked  at  higher  latitudes  (see  for  example 
Rishbeth  and  Garriott.  1 1969|.  c'haptcr  8). 

The  lower  regions  of  the  ionosphere  are  not  usually 
affected  during  ionospheric  storms  and  the  lower  frequency 
limit  for  HF  communication  remains  unchanged. 

Ionospheric  storms  due  to  solar  flares  are  a  high  solar 
activity  phenomenon.  However,  ionospheric  storms  also  pc- 
cur  away  from  the  peak  of  the  solar  cycle.  These  are  at¬ 
tributed  to  enhanced  solar  wind  streams  emanating  from 
magnetically  open  features  in  the  corona  known  as  coronal 
holes.  As  the  stream  sweeps  o'.er  the  earth,  the  electric 
currents  flowing  in  the  magnetosphere  and  ionosphere  are 
modified,  yielding  both  geomagnetic  and  ionospheric  storms. 
These  storms  are  called  recurrent  storms  because  they  tend 
to  recur  every  27  days  (solar  rotation  period  as  seen  from 
the  earth)  as  the  solar  wind  stream  passes  over  the  earth 
again  The  effects  on  the  ionosphere  are  usually  less  marked 
than  those  of  a  flare-induced  storm  but  can  last  longer  (a 
few  days)  because  of  the  time  taken  for  the  stream  to  pass 
over  the  earth. 

The  scientific  community  keeps  a  24-h  watch  on  the  sun 
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through  an  international  effort  coordinated  through  the  lUWDS 
(International  Ursigram  and  World  Days  Service)  and  many 
national  agencies  issue  forecasts  of  solar  and  geophysical 
conditions.  This  effort  has  been  described,  for  example,  by 
several  authors  in  Volume  1  of  Donnelly  11979],  including 
Heckman  11979).  CCIR  Report  727  [CC'R,  I981c|  gives  a 
review  of  the  subject  and  refers  to  many  of  the  latest  avail¬ 
able  papers. 

The  USAF  Air  Weather  Service  (AWS),  through  its 
operational  centers  of  the  Air  Force  Global  Weather  Central 
(AFGWC),  provides  space  environmental  support  to  the 
entire  Department  of  Defense.  The  overall  driving  require¬ 
ment  is  to  minimize  system  effects  caused  by  impulsive 
solar/geophysi''al  activity  and  ionospheric  variations.  The 
techniques  for  geophysical  foreca-sting  used  at  AFGWC  have 
been  described  by  Thompson  and  Secan  [1979].  A  major 
advance  in  observational  equipment  during  the  last  decade 
was  the  deployment  of  the  new  solar  observing  network 
(SOON)  and  radio  solar  telescope  network  (RSTN).  With 
the  data  from  S(X)N,  RSTN  and  x-ray  data  from  satellites, 
AFGWC  can  provide  a  real-time  comprehensi'/e  analysis  of 
a  flare  and  its  effects  on  the  space  environment. 

The  action  taken  by  an  HF  user  to  overcome  the  effects 
of  these  disturbances  depends  on  the  nature  of  the  disturb¬ 
ance.  During  a  SWF,  a  move  to  higher  operating  frequencies 
is  appropriate  since  the  absorption  decreases  with  increasing 
frequency.  During  the  negative  phase  of  an  ionospheric 
storm,  lower  frequencies  must  be  used.  The  effect  of  a  PCA, 
on  the  other  hand,  is  normally  so  severe  that  it  becomes 
necessary  to  reroute  the  traffic  around  the  disturbed  area. 
This  usually  requires  avoiding  the  whole  high  latitude  ion¬ 
osphere. 

10.4.7  Unusual  Propagation  Modes 

The  usual  monthly-median  HF  predictions  normally  as¬ 
sume  simple  propagation  modes  such  as  the  IF  and  2F 
modes  and  in  general  these  predictions  are  quite  successful. 
Some  prediction  systems  also  include  Es  and  such  propa¬ 
gation  modes  as  lEs  and  Es-F.  However,  it  is  found  in 
practice  that  other  unusual  propagation  modes  can  also  exist. 
In  general  these  unusual  modes  have  one  feature  in  com¬ 
mon — they  rely  for  their  supptirt  on  some  particular  feature 
of  the  ionosphere  that  is  restricted  in  latitude.  We  shall 
c  insider  here  a  few  examples  of  such  modes. 

Possibly  the  most  useful  propagation  mcnle  not  normally 
predicted  is  the  F’  super-mixle  encountered  on  transequa- 
torial  circuits  during  periixls  when  the  equatorial  anomaly 
is  well  developed,  that  is.  during  the  afternoon  and  early 
evenings,  during  equinoxes,  at  high  levels  of  solar  activity. 
This  mixle  involves  two  F  region  reflections  without  an 
intervening  ground  reflection  and  is  characterized  by  high 
signal  strength,  low  fading  rates  and  an  MUF  10-15  MHz 
higher  than  for  the  normal  (2F)  mode.  It  is  often  described 
as  the  afternix)n-typc  TEP  (transequatorial  propagation)  mode. 
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A  second  mode  associated  with  the  equatorial  iono- 
sphc'c.  and  which  can  ciKxist  with  the  aftemcxin-type  TEP 
mode  in  the  early  evening,  is  called  the  evening-type  TEP 
mode.  It  is  characterized  by  strong  signals,  rapid  flutter 
fading  and  frequencies  well  abv>ve  the  normal  2F  MUF.  A 
propagation  frequency  of  102  MHz  has  been  regularly  ob¬ 
served  on  a  Japan-Australia  circuit.  The  propagation  mode 
in  this  case  is  probably  a  ducted  mode,  the  signals  traveling 
within  the  walls  of  equatorial  “bubbles"  (Heron  and 
McNamara.  1979  and  Winkler.  19811.  This  mode  is  also 
most  likely  to  occur  during  the  equinoxes  at  solar  maximum. 
A  review  of  TEP  has  been  published  by  Nielson  and  Crochet 
119741. 

Enhancements  of  the  MUF  on  transequatorial  circuits 
have  also  been  attributed  to  combination  modes  in  which 
one  hop  is  via  a  reflection  from  the  equatorial  Es  belt  which 
stretches  a  few  degrees  either  side  of  the  magnetic  equator 
(McNamara.  1974al.  In  an  Es-F  combination  mode,  the 
MUF  is  enhanced  because  the  F  layer  hop  is  longer  than 
the  usual  hop  length  on  a  2F  mode.  Similar  MUF  enhance¬ 
ments  on  nighttime  circuits  have  been  attributed  to  a  com¬ 
bination  mode  in  which  one  hop  relies  on  scatter  from  F 
layer  irregularities  (McNamara,  1974b!.  Propagation  above 
the  MUF  due  to  scatter  by  small  scale  irregularities  can 
nrutinely  be  observed  (Rawer.  .i9751. 

The  high  latitude  also  produces  its  share  of  unusual 
propagation  mixles,  miistly  because  of  the  presence  of  the 
midlatitude  trough.  Strictly  speaking,  the  mcxles  are  not 
different  from  those  expected — they  are  just  heavily  affected 
by  the  presence  of  the  trough. 

Another  interesting  propagation  mode  is  the  round-the- 
world  (RTW)  propagation  mrxie.  This  mode  relies  on  as¬ 
pects  of  the  vertical  distribution  of  electron  density  rather 
than  on  latitudinally  localized  features  of  the  ionosphere. 
Consideration  of  observed  elevation  angles,  signal  losses 
and  time  delays  have  leJ  to  the  conclusion  that  RTW  signals 
propagate  via  a  chordal  mode  of  propagation,  rather  than 
by  a  uniform  muitihop  mode. 

10.4.8  Short-Term  Forecasting 
of  HF  Conditions 

Long-term  predictions  of  moiithly  median  parameters  of 
the  ionosphere  such  as  described  in  Section  10,4.4  are  the 
traditional  approach  to  frequency  management.  Frequencies 
are  selected  which  should  ensure  at  least  a  90', f  success  rate 
for  communications  at  all  times  of  day.  during  any  season, 
and  at  all  parts  of  the  solar  cycle.  Engineering  decisions 
such  as  transmitter  power  and  antenna  configuration  are  also 
made  at  this  stage.  Optimum  working  frequencies  (OWF) 
are  derived  for  each  hour  of  the  day.  usually  for  a  month 
at  a  time,  using  empirically  derived  frequencies  and  signal- 
to-noise  ratios.  Use  of  predictions  in  this  manner  continues 
to  provide  acceptable,  though  not  high  quality,  communi¬ 
cations  for  many  puryx'ses  such  as  voice  and  telegraph  con¬ 


ditions.  For  a  survey  of  the  historical  develojiment  of  fore¬ 
casting  methods  for  HF  propagation  see  Rawer  (1975|. 

The  effects  on  the  ionosphere  and  communications  of 
solar  disturbances  which  cause  ionospheric  storms  have  been 
discussed  in  Section  10.4.6.  However  daily  values  of  foF2 
and  MUF  are  known  to  vary  by  abc.ut  15%  to  20%  from 
the  monthly  median  values  during  quiet  times  as  well  as 
during  ionospheric/mugnetic  storms.  See.  for  example.  Fig¬ 
ure  10-5.1.  These  variations  may  be  superimptrsed  on  slower 
upward  or  downward  drifts  in  values  over  several  days.  It 
is  desirable  to  predict  all  of  these  variations  for  thv  purpose 
ofefticient  radio  communications. 

•  There  are  several  possible  approaches  to  the  short-term 
foreca.sting  of  ionospheric  parameters. 

1.  Using  asswiated  geophysical  parameters. 

2.  Using  the  ionospheric  parameters  themselves. 

.1.  Using  ionospheric  indices. 

The  day-to-day  variability  of  foE  and  toFI  is  so  small  that 
monthly  median  values  of  these  parameters  can  be  used  to 
represent  the  daily  variation  in  the  E  and  FI  regions  (Rush 
and  Gibbs,  19731  tind  therefore  offer  little  difficulty. 

Short-term  forecasts  of  foF2  have  been  made  by  relating 
changes  in  foF2  to  corresponding  changes  in  selected  solar 
and  geophysical  variables  siich  as  the  10.7  cm  solar  flux 
and  the  geomagnetic  index  Kp  (Bennett  and  Friedland,  1970; 
Ichinose  et  al.  I980(.  The  disadvantage  of  this  type  of  ap¬ 
proach  is  that  the  independent  variables  upon  which  changes 
in  foF2  are  assumed  to  depend  must  themselves  first  be 
predicted.  Even  if  this  is  done  successfully,  only  limited 
success  is  possible  because  the  correlations  of  these  param¬ 
eters  with  parameters  of  the  ionosphere  arc  not  very  high. 

A  more  successful  approach  to  the  short  term  forecasting 
of  foF;2.  or  alternatively  of  an  operational  MUF  on  a  given 
circuit,  is  a  prediction  scheme  based  directly  upon  imme¬ 
diate  past  observations  of  foF2  or  an  operational  MUF.  Such 
prediction  schemes  for  foF2  are  described,  for  example,  by 
Rush  and  Gibbs  (19731.  Lyakhova  and  Kostina  (19731, 
McNamara  ( I976|,  and  Wilkinson  ( I979|. 

Rush  and  Gibbs  ( 1973|  used  a  five-day  weighted  mean 
value  of  foF2  to  predict  daily  and  hourly  values  of  that 
parameter.  The  niethixJ  of  Lyu!  .ova  and  Kostina  ( I973|  is 
based  on  the  observation  that  correlation  cixtfficients  be¬ 
tween  the  deviations  of  foF2  from  median  values  remain 
greater  than  0,5  for  up  .o  !,)ur  hours.  The  high  correlation 
between  hour-to-liour  variations  of  foF2  has  been  discussed 
by  Lyakhova  ( I960].  Radinov  ( I963|.  Gautier  and  Zaehar- 
isen  (19651  and  Rush  (19721. 

McNamara  (19761  made  predictions  of  foF2  at  a  par¬ 
ticular  location  up  to  3  hours  ahead  by  projecting  torward 
the  trend  in  the  departures  of  the  last  few  hours"  observations 
from  a  15-day  running  nicdlan  Wilkinson  |I979|  on  the 
other  hand,  simply  projected  forward  in  time  the  deviation 
of  an  observed  foF2  value  from  the  predicted  monthly  me¬ 
dian  value  of  foF2.  He  found  this  technique  to  be  ellective 
for  lead  times  of  up  to  about  3  hours. 

Similar  techniques  have  been  applied  to  oblique  circuits 
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by  Amei  and  Egan  ll%7|,  Ames  et  al.  1 19701,  Krause  et 
al.  (1970,  I973a.b|.  D'Accardi  11978),  and  Uffelman  and 
Hamish  119821 

The  success  of  any  of  these  forecasting  schemes  will 
depend  on  the  particulai  circumstances  of  its  intended  use. 
especially  as  regards  the  requried  accuracy  of  the  forecast 
and  the  lead  time  required  Most  schemes'  are  reasonably 
successful  in  forecasting  an  operational  MUF  that  is  closer 
to  the  actual  value  than  is  the  predicted  monthly  median 
value,  but  only  tor  lead  times  of  the  order  of  an  hv>ur  or 
less. 

Forecasts  can  be  made  with  different  lead  times,  de¬ 
pending  on  how  closely  the  variations  in  the  ionosphere 
need  to  be  tracked,  and  the  sampling  interval  for  actual 
observations  must  match  that  lead  time.  In  general,  the  error 
in  the  forecast  values  will  increase  with  the  lead  time  and 
if  this  error  becomes  too  great,  the  forecasting  scheme  would 
offer  no  advantages  over  the  use  of  a  monthly  median  value. 

To  make  short-term  forecasts  for  circuits  for  which  no 
real-time  observations  exist,  the  behavior  of  the  ionosphere 
must  be  inferred  from  such  data  as  are  available,  using  these 
observations  to  infer  the  values  along  the  required  circuit. 
Numerous  .studies  have  reported  correlation  coefficients  that 
illustrate  the  degree  to  which  hourly  deviations  from  median 
values  of  ionospheric  parameters  at  two  or  more  locations 
are  related  IGautier  and  Zacharisen.  1965;  Zacharisen,  1965; 
Zevakinaet  al.,  1967;  Rush,  19721.  These  correlations  may 
be  used  to  infer  values  of  foF2  at  locations  remote  from  the 
observing  site,  with  an  error  depending  on  the  separation 
of  the  two  locations  in  latitude  and  longitude,  and  on  the 
local  time  and  season.  Rush  1 19761  has  used  the  observed 
coaelations  to  establish  the  usefulness  of,  and  requirements 
for.  a  network  of  ground-based  and  satellite-borne  iono¬ 
spheric  observations  whose  measurements  are  to  be  used 
for  shoi*-term  forecasting  of  radio  propagation  conditions. 
However,  it  should  be  noted  that  the  relatively  high  cor¬ 
relations  used  by  Rush  originate  from  the  very  disturbed 
days  (that  is.  ionospheric  storm  days)  and  these  same  high 
correlations  are  not  always  obtained  for  days’  when  the  de¬ 
viations  from  the  median  values  are  relatively  small. 

A  third  approach  to  short-term  forecasting  is  to  use  ob¬ 
servations  at  all  available  ionospheric  stations  to  determine 
an  effective  ionospheric  index,  which  can  then  be  u.sed  in 
conjunction  with  synoptic  monthly  median  maps  of  foF2 
and  other  parameters  (see  .Section  10,4.4)  to, predict  the 
values  of  these  parameters  at  the  reflection  points  of  the 
given  circuit.  The  limitations  of  this  technique  are  set  by 
the  accuracy  with  which  an  appropriate  index  can  be  de¬ 
termined  from  a  restricted  subset  of  observations  and  the 
accuracy  with  which  the  ionospheric  model,  driven  by  this 
index,  can  reproduce  the  actual  ionosphere  at  the  reflection 
points.  An  example  of  'e  use  of  ionospheric  indices,  to 
update  mtxiels  of  the  itui  sphere  has  been  given  by  Mc¬ 
Namara  11979|.  Other,  more  complicated,  methods  have 
been  described  b\  Thompson  and  Secan  |1979|  and  Tas- 
cione  et  al.  |I9^9|.  Actual  forecasts  of  propagation  con¬ 


ditions  requires  the  projection  forward  •  •  ti.ne  o’’  the  effec¬ 
tive  ionospheric  index.  In  the  limit  of  ■.  •  >  ’e;>d  im,'.  the 
"forecast”  in  fact  becomes  a  real-time  e.  s;s'  !.:cnt  of  the 
ionosphere. 

A  brief  review  of  short-term  forccastin  ■  0"  HF  prop¬ 
agation  has  been  given  by  CCIR  ll98lbl  Ihe  special  ca.se 
of  high  latitude  propagatioh  is  considerc'.  ;n  CC’IR  1198.31. 


10.4.9  Real  Time  Channel  Evaluation 

To  take  full  advantage  of  the  HF  communications  po¬ 
tential 'of  the  ionosphere  and  to  overcor.te  its  inherent  vari¬ 
ability,  frequency  management  should  be  implemented  in 
three  stages,  namely  long-term  predictions  (Section  10,4.4), 
short-teim  forecasting  (Section  10.4.8)  and  real-time  chan¬ 
nel  evaluation  (RTCE).  It  is  at  the  first  stage  that  engineering 
decisions  such  as  site  location,  antenna  configuration,  and 
transmitter  power  are  made,  and  suitable  operating  fre- 
'quenc,.  >  applied  for  from  the  appropnatc  regulating  body. 
The  second  stage,  that  of  short-term  forecasting,  determines 
which  of  the  allocated  frequencies  will  actually  propagate 
nov  -  r  a  short  time  ahead.  These  two  stages  are  generally 
all  ti.  c  would  be  required  for  voice  and  low-speed  teleg¬ 
raphy  circuits. 

This  two-stage  approach  has  several  limitations: 

1.  The  signal-to-noise  data  are  not  always  reliable  and 
this  ratio  is  not  necessarily  a  useful  criterion  for  choosing 
frequencies  for  some  forms  of  communications. 

2.  Reliable  long-term  predictions  of  sporadic  E  are  not 
available.  (Es  modes  are  often  the  best  to  use.) 

3.  No  account  is  taken  of  interference  from  other  users. 

4.  The  forecast  available  frequency  range  will  be  un¬ 
certain  to  .some  extent  because  of  inevitable  errors  in  the 
forecasting  models. 

5.  The  approach  does  not  indicate  which  of  the  assigned 
frequencies  propagating  at  a  given  time  would  be  the  best 
to  use  for  a  given  form  of  communication. 

■RTCE  is  the  third  stage  of  a  frequency  management 
system  required  to  maintain  reliable  liigh  quality  HF  com¬ 
munications  even  under  the  most  adverse  conditions.  It  be¬ 
comes  especially  important  for  medium  and  high  speed  dig¬ 
ital  data  transfer.  With  an  RTCE  system,  all  channels  are 
sounded  in  fim  to  determine  which  is  actually  the  best  to 
use  at  a  given  time  for  the  particular  type  of  communica¬ 
tion/modulation  system. 

Darnell  1I978|  has  given  the  following  definition  of 
RTCE:  "Real-time  channel  evaluation  is  the  term  used  to 
describe  the  processes  of  measuring  appropriate  parameters 
of  a  set  of  communication  channels  in  real  time  and  of 
employing  the  data  thus  obtained  to  describe  quantitatively 
the  states  of  those  channels  and  hence  the  relative  capabil¬ 
ities  for  passing  a  given  class,  or  classes,  of  communication 
traffic." 

A  review  of  RTCE  has  been  prepared  by  .Study  Group 
6  of  CCIR  ICCIR.  198ldl.  anv'  the  interested  reader  is 
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referred  to  that  report.  One  of  the  more  recently  developed 
techniques  of  RTCE.  which  can  serve  as  an  example  of  the 
technique,  is  that  of  pilot  tone  sounding. 

In  pilot  tone  s<junding  (Betts  and  Darnell.  I975|.  low 
level  CW  tone*  are  either  inserted  into  the  data  spectrum 
or  transmitted  in  potentially  available  alternative  channels. 
At  the  receiver,  simple  measurements  on  the  tones  enable 
the  relative  states  of  the  channels  to  be  specified  in  terms 
of  predicted  (digital)  data  error  rates.  In  a  situation  where 
a  multic«Hnponent  bniadcast  is  being  used  to  radiate  identical 
ijala  simultaneously  on  each  of  several  freqaencics,  this  type 
of  RTCE  system  allows  the  best  component  to  be  selected 
automatically  at  the  receiver. 

One  of  the  main  advantages  of  the  pilot-tone  RTCE 
technique  is  the  cxMcme  simplicity  of  the  concept  and  the 
implenK'ntation  when  compared  with  other  techniques  for 
RTCE.  for  example,  oblique  incidence  ionosrrndes.  A  fur¬ 
ther  adv  antage  of  the  technique  is  that  it  permits  RTCE  and 
da'a  sigruls  to  be  combined  in  a  simple  f(<rmat.  rather  than 
requiring  a  separate  stimulus.  The  technique  also  lends  itself 
readily  to  automation  W  ith  an  automated  system,  there  will 
he  little  difliculty  in  principle  in  including  into  the  algorithm 
for  selecting  the  optimum  working  frequency  any  measure¬ 
ments  of  other  pertinen.  properties  of  the  pilot  tone,  hw 
example,  amplitude.  Ihippler  shift,  and  spectral  width.  The 
noise  level  in  the  channel  could  -'Iso  be  included. 

The  pilot-tone  sounder  technique  dexis  not  permit  the 
detemtination  of  the  o|x;rational  MUF'  or  identification  of 
propagation  nwxles.  The  fonner  may  cause  difliculties  when 
the  Ml'F  is  decreasing  (for  example,  due  to  normal  diurnal 
variation  I  if  the  working  frequency  is  just  belt'w,  the  MUF. 
Difficulties  could  be  severe  if  tlx-  MUF  changes  significantly 
during  the  RTCE  lifiK  (typically  y  min  per  channel). 

Tbs'  signal  opfimi/ation  problem  at  HF  is  potentially 
very  complex  and  to  date  RTCE  has  been  used  almost- ex¬ 
clusively  as  a  frequency  selection  aid  Darnell  |  l97,Sbj  lists 
the  various  parameters  on  an  HF  link  w  hich  could -be  under 
the  control  of  the  comniunicator  and  hence  be  made  adaptive 
in  response  to  the  RTCE  data 
Transmission  frequency 
Transmitier  power  level 
Bandw  idlh 
Data  rate 
.Modulatiivn  tyf>* 

Time  at  which  the  tran'i  ission  is  made 
Signal  priK-essing  algoritfm  at  the  rcs'civer 
Elevation  angles  for  antenna  array  beams 
Diversity  type 

To  this  list  may  K"  adilcd  antenna  polarization  for  near 
vertical  incidence  propagation. 

The  potential  .kIv  amages  accuiing  from  the  use  of  R  I  CE 
techniques  have  been  summari/cd  by  Darnel!  |197,Sa|; 

1.  The  effect  of  man  iii.itle  noi'c  and  interference  can 
be  measured  and  s[x.'eitied  quanlitively  |Darnell.  I97K|. 

2.  The  facility  for  real-time,  on  line  mea>urement  of 
propagation  and  inlet  ference  allows  the  use  of  relatively 


transient  propagation  modes,  for  example,  sporadic  E  layer 
propagation. 

7.  RTCE  evaluation  allows  a  more  efficient  use  of  the 
frequciic  spectrum  by  tending  to  select  frequency  channels 
higher  Ih.  n  those  which  would  be  chosen  via  prediction 
techniques.  Thus  spectrum  congestion  is  reduced. 

4.  RTCE  will  pmvide  a  means  of' automatically  selecting 
the  best  frequency  and  simultaneously  indicating  preferred 
stand-by  channels. 

5.  Transmitter  power  can  be  minimized,  consistent  with 
providing  an  acceptable  quality  of  received  traffic, 

6.  In  the  longer  term.  RTCE  data  can  be  used  to  adapt 
other  parameters  of  a  communication  system,  apart  from 
frequency,  optimally  for  the  prevailing  path  conditions. 

10.4.10  Conclusion 

It  has  not  been  possible  within  the  present  limitations 
of  space  to  present  more  than  a  cursory  overview  of  the 
subject  of  HF  propagation.  However,  it  is  hoped  that  most 
readers  will  be  able  to  follow  up  on  topics  of  special  interest 
by  going  to  the  references  cited.  In  this  regard,  the  value 
vf  the  prixrecdings  of  the  “Boulder  Workshop"  (Donnelly, 
1979;  1980)  cannot  be  stressed  too  highly.  The  CCIR  dtK- 
uments  and  the  AGARD  Lecture  Series  No.  127  should  also 
prove  very  useful,  but  ptissibly  somewhat  harder  to  obtain. 

10.5  IONOSPHERIC  DISTURBANCES 
10.5.1  Sudden  Ionospheric  Disturbance  (SID) 

The  SID  is  caused  by  x-ray  and  ultraviolet  emissions 
from  solar  flares.  These  emissions  prixluce  increased  ioni¬ 
zation  of  the  sunlit  ionosphere.  This  excess  ionization  typ¬ 
ically  lasts  for  a  perivxl  of  10  to- 60  minutes,  depending  on 
the  intensity  and  duration  of  the  responsible  flare.  SIDs  are 
observed  by  monitoring  manmade  and  natural  High  Fre¬ 
quency  (HF)  or  Very  Low  Frequency  (VLF)  radio  signals 
that  propagate  v  ia  the  ionosphere.  The  various  types  of  SIDs 
are  named  according  to  the  method  of  their  observation: 

1 .  SW'F — short  wave  fadeotit:  a  decrease  (either  sudden 
v.r  gradual)  in  the  signal  received  from  a  distant  HF 
(2 -.12  MHz)  transmitter. 

2.  SCNA— sudden  cosmic  noise  absorption:  a  decieasc 
in  the  intensity  of  the  constant  galactic  radio  no'se  as 
nteasured  by  riometers  (relative  ionospheric  opacity 
meters)  operating  between  l.'i-bO  MHz.  , 

.1.  SPA . sudden  phase  anomaly:  a  change  in  phase  ol 

a  received  VT.F  (K)-LS()  kHz)  signal  relative  to  a 
frequency  standard  at  the  receiving  site. 

4.  SES — sudden  enhancement  of  signal:  an  increase  in 
the  strength  of  an  incident  VLF  signal  iKcurring  at 
the  same  time  as  an  SPA, 
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5.  SEA — sudden  enhancement  of  atmospherics:  an  in¬ 
crease  in  the  background  VLF  noise  from  distant 
thunderstorms, 

6.  SFD — sudden  frequency  deviation:  a  short-lived  in¬ 
crease  in  the  frequency  of  the  signal  from  a  distant 
HF  transmitter. 

7.  SFE — :iolar  flare  etfcct  or  geomagnetic  crochet:  sud¬ 
den  variation  in  the  H  component  of  the  earth’s  mag¬ 
netic  held. 

The  first  live  of  these  effects  are  all  attributable  to  increased 
ionisation  in  the  D  layer,  primarily  by  soft  ( 1-8  A)  flare  x- 
rays.  The  absorptive  effects  (SWF  and  SCNA)  are  caused 
by  a  thickening  of  the  absorbing  layer  through  which  the 
HF  waves  pass,  while  the  cff<’cts  on  VLF  signals  are  due 
to  the  lowering  (SPA)  and  strengthening  (SES  and  SEA)  of 
the  D  layer  from  which  these  lower  frequency  waves  are 
reilerted.  In  contrast.  SFDs  arise  from  the  flare  associated 
ii 'Crease  in  ionization  in  the  E  and  F  regions  prixluced  by 
extreme  ultraviolet  (EUV)  radiation  in  the  10-1030  A  range. 
Finally,  the  geomagnetic  cnxrhet  (SFE)  appears  to  be  a 
hybrid  effect,  having  an  impulsive  comp»ment  a.s.s(Kiatcd 
with  the  flare  “flash  phase"  EUV  emission,  and  a  more 
gradual  component  assiKiated  with  the  flare  soft  (1-8  A)  x- 
rays  [Richmond  and  Venkateswaran,  1971  j.  These  ionizing 
emissions  temporarily  increase  the  D  and  E  layer  conduc¬ 
tivity  and  altc.'  the  normal  ionospheric  currents  to  give  rise 
to  the  SFE.  For  a  comprehensive  review  of  the  SID  phe¬ 
nomenon,  see  Mitra  |I974|. 


10.5.2  Polar  Cap  Absorption  (PCA) 

W'hile  SIDs  are  caused  by  flare  electromagnetic  emis¬ 
sion.  PCAs  result  from  bombardment  of  the  ionosphere  by 
flare-accelerated  protons  with  energies  S  10  MeV.  These 
particles  stream  into  the  earth’s  polar  regions  along  geo¬ 
magnetic  (ield  lines  and  pnxluce  increased  ionization  in  the 
D  layer  (as  well  as  aurora  at  E  layer  heights).  PCAs  are 
nomially  observed  by  means  of  riometers  In  contrast  to  the 
SID.  the  I’CA  is  a  long-lived  effect,  with  durations  ranging 
front  tens  of  hours  to  several  da\  s  In  general.  PCAs  lollv.v. 
only  the  most  intense  solar  flares  and  begin  within  a  few 
hrmrs  after  flare  iiiavimum,  dependent  t-n  the  flare  longitude. 
A  review  t>t  the  K'A  phenomenon  has  been  published  bv 
Hultqvisi  llWrj, 


10.6  HF  RADAR  IONOSPHERIC 
CLl'TTER 

Backscaiier  reflections  from  F  layer  auroral  ionization 
and  F  layer  clci.:r.)i;  density  ir.-egularities  can  be  an  impor¬ 
tant  source  of  ckit!  -r  for  a  radar  operating  in  the  high  lat- 
iti  es.  The  ionospheric  clutter  can  degrade  the  performance 


of  an  over-the-horizon  (OTH)  radar  designed  for  the  sur¬ 
veillance  of  aircraft  at  ranges  of  approximately  lfX)0  to  3.S(X) 
km. 

The  radar  reflections  are  the  result  of  scattering  from 
electron  density  irregularities  aligned  along  the  lines  of  force 
of  the  earth's  magnetic  field.  The  characteristics  of  the  field- 
aligned  scatterers  are  such  that  the  radar  echoes  originate 
in  a  small  range  of  angles  alxiut  perpendicular  incidence  to 
the  magnetic  field  lines  and  that  the  amplitude  of  the  auroral 
echo  is  aspect-angle  sensitive.  In  addition  to  the  orthogo. 
nality  condition,  it  is  necessary  that  this  geometric  Config¬ 
uration  take  place  at  ionospheric  altitudes,  that  is,  80  km 
and  above. 

The  probability  of  observing  radar  reflections  from  ion¬ 
ization  irregularities  is  also  dependent  upon  the  frequency 
of  octrurrcnce  of  E  layer  auroral  or  spread-F  irregularity 
activity  in  the  region  of  interest.  Reflections  can  be  expected 
to  occur  in  regions  where  both  the  conditions  of  near-per¬ 
pendicularity  at  ionsopheric  heights  and  high  auroral  or  spread- 
F  irregularity  activity  are  satisfied.  The  fulfillment  of  only 
one  requirement  is  not  sufficient  to  warrant  a  radar  reflec¬ 
tion. 

An  appropriate  model  to  use  to  define  the  condition  of 
auroral  activity  is  the  Feldstein-Starkov  [1967]  auroral  belt 
(oval)  model.  Since  the  location  and  extent  of  the  auroral 
oval  are  a  function  of  time  and  geomagnetic  activity.  E  layer 
auroral  echoes  can  be  expected  to  appear  over  a  wide  area 
during  magnetically  disturbed  periods  for  an  HF  backscatter 
radar  located  at  high  latitudes. 

The  F  layer  irregularities  can  be  described  in  terms  of 
the  probability  of  occurrence  of  spread  F  derived  by  Penn- 
dorf.j  l%21  or  in  tenns  of  Aarons'  1 1973)  irregularity  scin¬ 
tillation  region. 

In  this  rection,  an  estimate  is  made  of  the  characteristics 
of  ionospheric  clutter  that  cimld  be  observed  by  an  HF 
backscatter  radar  operating  in  the  midlatitude  with  the  an¬ 
tenna  beam  oriented  towards  the  polar  regionThe  topics 
to  be  discussed  are  the  amplitude,  the  backscatter  cniss- 
sectional  arza.  the  angular  extent,  the  Doppler  frequency 
variation,  the  frequency  of  iKcuirence.  the  diurnal  and  sea¬ 
sonal  variation  and  the  correlation  with  solar-geophysical 
conditions. 

10.6.1  Signal  Amplitude 

The  amplitude  of  E  layer  auroral  clutter  that  could  be 
encountered  by  an  HF  backscatter  radar  is  deduced  by  ex¬ 
trapolation  of  radar-auroral  data  recorded  by  SRI  Inicma- 
tional  at  Fraserburgh.  Scotland,  during  19.‘i0  and  1960 
[Lcadabrand  et  al..  196.51.  The  radar  measurements  were 
made  simultaneously  at  frequencies  of  .h),  401  and  800 
MHz. 

To  predict  the  SRI  Internationa!  auroral  data  effects  on 
an  HF  backscatter  radar  in  terms  of  the  corresponding  radar, 
it  is  necessary  to  determine  the  relative  sensitivities  of  the 
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radan  to  the  auiora.  This  is  accompli slied  by  comparing  the 
various  parameters  that  enter  into  the  radar  equation. 

According  to  the  radar  equation,  the  signal-to-noisc  ratio 
of  the  received  signal  is'  given  by 


P,  ^  P.G,G,X-(t 
N  (4ir)'R"  KTB  5iF  L.Lp 


(10.60) 


where  P,  is  the  transmitted  power.  G,  and  G,  are  the  gain.s 
of  the  transmitting  and  receiving  antennas,  respectively.  X 
is  the  wavelength.  <t  is  the:  radar-target  cross  section.  R  is 
the  radar  range.  K  is  Bolt^mann's  consta.it.  T  is  the  ambient 
temperature.  B  is  the  receiver  noise  bandwidth.  RF  is  the 
receiver  noise  figure.  L,  is  the  system  loss  and  Lp  is  the 
two-way  loss  due  to  the  propagation  medium.  Fhis  rela¬ 
tionship  is  applicable  to  a  point  target,  that  is.  the  antenna 
beamw  idth  is  much  larger  than  the  dimensions  of  the  target. 


For  aurora  which  fills  the  antenna  beam,  a  is  replaced 
by  the  volume  scattering  coefficient,  a,,  that  is.  radar  cross 
section  per  unit  volume,  such  that,  for  a  rectangular  antenna. 


a  =  a,V  =  OvR^PhPv- 


(10.61) 


where  V  is  the  volume  filled  by  the  scatterers.  c  is  the  free 
space  velocity,  t  is  the  pulse  length,  and  Pn  and  py  are  the 
horizontal  and  vertical  antenna  beamwidth,  respectively. 

Figure  10-54  is  a  plot  of  the  relative  signal  strengths  of 
auroral  echoes  recorded  by  SRI  international  at  the  three 
frequencies  in  April  I960.  The  region  of  uncertainty  be¬ 
tween  -40  and  401  MMz  results  from  the  fact  that  there  was 
no  way  to  specify  to  what  degree  the  auroral  scatterers  filled 
the  30-MHz  antenna  beam.  At  401  and  80  Mrlz.  the  antenna 
beamwidth  was  1.2°,  while  at  30  MHz  it  was  15°.  Thus,  it 
was  assumed  that  the  scatterers  completely  filled  the  beam 
at  the  two  higher  frequencies.  However,  it  was  doubtful 
that  the  beam  was  completely  filled  at  .30  MHz.  The  1°  >:  1° 
aurora  is  assumed  to  be  a  point  target  for  the  30-MHz  an¬ 
tenna. 

The  data  in  Figure  10-54  are  normalized  with  respect  to 
401  MHz.  For  a  filled  beam  antenna,  the  relative  signal 
strength  of  the  30-MHz  echoes  was  6-dB  greater  than  those 
at  401  MHz.  while,  for  the  point  target  case,  there  was  a 
28-dB  difference  between  the  30-  and  40 1 -MHz  data. 

The  absolute  magnitude  of  the  30-MHz  auroral  echoes 
can  be  deduced  by  comparing  the  system  sensitivities  of  the 
30-  and  401 -MHz  radars.  According  toTable  10-9,  the  401- 
MHz  radar  was  48.9-dB  more  sensitive  than  the  .30-MHz 
radar  assuming  that  the  aurora  w  as  a  point  target  and  26.9- 
dB  iTKire  sensitive,  assuming  that  the  30-MHz  antenna  beam 
was  completely  filled  with  scatterers.  Thus,  it  follows  that 


Table  1(^9  C(>nipans4m  <if  SRI  IntcmatHMial-SciK'and  and  40I-MH7  radar  scn%i(ivitic%  utiii2ed  in  (he  April  I9b()  radar-auniral  (ibscrvatkms 
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the  magnitude  of  the  radar-aumral  data  was  20.9- 

dB' less  than  that  of  the  40I-MH7  data. 

rhe  amplitude  distribution  of  the  40I  -MHz  radar- auroral 
echoes  is  presented  as  a  histogram  form  in  Figure  10-55. 
The  system  noise  level  was  appaiximately  -  1 33  dBm  and 
that  the  system  saturated  at  -  60  dBm.  which  acccHinls  for 
the  large  number  of  echoes  at  that  amplitude. 

The  histogram  data,  when  replotted  as  a  cumulative 
distribution  on  probability  pa|x>r.  shown  in  Figure  I0-56. 
closely  fit  a  straight  line.  This  characteristic  is  indicative 
that  the  40l-MHz  amplitudes  are  log-normally  distributed. 
The  theoretical  norinal  distribution  function  plotted  in  Fig- 
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Figure  10- .SA  Cumulative  divlnhuliun  funciHin  of  SRI  lntenuti<>nal-Svi<l- 
land  radar  auroral  data 

ure  10-55  was  computed  utilizing  the  value  of  -  77.2  dBm 
for  the  mean  as  obtained  from  Figure  10-56.  The  30-MH/ 
amplitude  data.  alst>  shown  in  Figure  10-56.  was  derived 
on  the  basis  that  the  ?0-MHz  aurvtral  echoes  followed  a 
Gaussian  distribution  and  were  20.9-dB  less  than  the  401- 
MHz  results. 


Tabic  HI- 1(1  CompariMm  of  ihc  vcnsiiivilv  of  an  HF  bocli scatter  radar  to  that  of  the  SRI  Imcmational  Scolland  .VI-MHr  radar 
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Tahk  1 1 .  KMinutcT  riidar-juntral  clutter  levcK  t>f  a  hypothetical  HF  hackitcatier  radar  at  Xi  MH/  based  on  SRI  International  data 


Point  Target 

Scatterers  Fill 

Antenna  Beam 

Statistical 

ParaiiKtcr 

T  =  400  jis 
(dBm) 

T  =  10  fts 
(dBm) 

T  =  4(X)  gis 
(dBm) 

T  =  10  gus 
(dBm) 

Upper  Decile 

-42.0 

-.58.0 

-45.6 

-77.6 

Upper  fjuariile 

-51.0 

-67.0 

-54.6 

-86.6 

Median 

-61.0 

-77.0 

-64.6 

-96.6 

Lower  (^ariile 

-71  0 

-87.0 

-74.6 

-  106.6 

Ijiwer  Decile 

-  80.0 

-96.0 

-83.6 

-115.6 

Standard 

Deviation 

14.8 

14.8 

14.8 

14.8 

To  estimjtc  the  niugnitudc  «>f  the  auroral  ech»»cs  that 
could  he  ohMT\cd  h%  an  UK  hackscattcr  radar,  it  is  ncccssar>' 
to  cirmparc  the  sensitivit)  of  the  UK  hackscattcr  radar  It* 
that  of  the  SRI  International  Vf-.MH/  radar  The  parameters 
of  an  hypitiheiical  HK  radar.  ct>nsidercd  in  this  analysis,  are 
given  in  Table  1(1- III.  Ki*r  an  assumed  pulse  length  t*f  4(10 
gLs.  the  HK  radar  is  .17.1-diJ  more  sensitive  than  the  SRI 
International  .VK.MH/  radar  f<*r  the  ptiini  target  case  and 
.1.1..S-dB  mtHV  sensitive  for  the  filled  beam  case.  When  the 
pulse  length  is  decreased  to  10  yis.  the  difference  in  sen- 
sitisilies  decreases  to  >  21  I  dR  and  +  1 .5  dB  fi>r  the  point 
target  and  tilled  beam  case,  respectively. 

The  piedicted  HK  hackscattcr  radar-auroral  clutter  levels 
at  Mil/  are  presented  in  Table  Kf-ll.  The  SRI  Inter¬ 
national  .fO-MH/  radar  auroral  data  given  in  Kigua’  10- 5ft 
and  radar  sensitivities  in  Table  |0-|0  are  used  in  the  cal¬ 
culations 

In  deducing  the  radar-auroral  signal  levels  at  «*thcr  fre- 
qucncies  in  the  HI  hand,  it  is  assumed  that  the  auroral  cchr* 
power  is  frequency  dependent  according  to  the  law 

P  =  k  f  ",  (I0  ft2t 

where  k  and  n  are  cimstants  Ktili/ing  the  data  in  Kigure 
10- .54.  it  can  be  shown  that  for  this  power  law  n  =  2  5  f,»r 
a  point  target  and  n  -  0.5  for  the  tilled  beam  case.  How¬ 
ever.  ail  examination  of  ottu-r  radar-auroral  data  taken  at 
Scotland  revealed  a  value  of  n  -  ft  S  for  a  pi*int  target  and 
n  =  2  7  for  a  tilled  beam  llatadabrand  et  al..  I‘lft5|  .An 
analysis  of  auroral  echoes  from  simultaneous  multiple  fre¬ 
quency  observations  in  Alaska  by  Leadabrand  ct  al  .  |  I9ft7| 
revealed  than  n  -  2  for  frequencies  betwec.'i  50  and  8.50 
MH/  and  n  -  5  K-tween  S.50  and  .5000  MH/. 

Radar  hackscattcr  measurements  of  artilicial  electron 
clouds,  in  the  h  region  of  the  ionosphere  by  Gallagher  and 
Barnes  11^6.51  yielded  a  eon.,;api;.  n.  of  4  for  frequencies 
between  approximately  20  and  .50  MH/  and  -  4  between  5 
and  20  MH/.  .At  times,  ht'wever.  it  was  found  that  the 
amplitude  returns  were  insensitive  to  frequency  in  approx¬ 


imately  the  10-  to  20-MH/  range.  From  simultaneous  au¬ 
roral  ccht*  measurements  at  frequencies  of  49.7.  I4.T.5  and 
22ft  MH/.  KTinkI  |l9ft0|  has  deduced  a  value  of  n  =  .T.5 
between  49.7  and  14.5.5  MH/  and  n  =  6.5  between  143.5 
and  22ft  MH/ 

Measurements  of  K  region  radar  aun>ra  a!  frequencies 
in  the  HK  band  and  at  VHK  ( 143,8  Mi  I/I  fixmi  locations  in 
Finland  and  (iermany  indicated  a  frequency  dependency  of 
n  =  3  lOksman  ct  al,  ,  |979| 

Since  there  is  a  wide  discrepancy  in  the  experimental 
measurenKnts  of  the  frequency  dependence  of  auroral  back- 
scatter.  which  could  be  due  to  the  charactenstics  ot  the 
auroral  ionization,  that  is.  inhomogeneous  distribution  of 
auntral  elcctnuis.  vary  ing  scale  .i/es  of  ioni/ation  irregu¬ 
larities  and  dilferent  scattering  altitudes,  a  value  of  4  for 
the  exp* went  in  hquation  1 10  ft2l  is  assumed  in  this  analysis. 

The  estimated  median  auniral  clutter  amplitudes  that 
could  confront  the  hypi*the(ical  HK  backscatter  radar  in  the 
5-  to  .H>-MH/  hand  are  shown  m  Kigure  10-57.  The  external 


^  . 

r  «do  ; 

1  “ 

1  5. 

T-  56^.  . 

m 

i  i  r 

—  PCXNr  TARGET 
-“fllllO  MAM 

i 

M  j 

^  '  rULSf  lIPiGTH 

<  i»i 
s  i 

O  i 

1 

EXTERNAL  NOISE  lEVEl  ”  * 

160 

I9O 

2  •  •  «  ^  4  6 

■ 

FREQUENCY  IMHrl 

Fipup.'  10  .S7. 

Fstini.itcd  median  aumral  elullcf  amplitude  based 

im  SRI 

Invmiiliimal-Sct'llunii  radar  data,  f  "*  frcquciKy  depen¬ 
dency. 


10-66 


IONOSPHERIC  RADIO  WAVE  PROPAGATION 


»M(MJ(NCV  IMHiI 


Flfwe  in-5K  EMinulcil  metltan  ndir-aunnl  ciiiner-li»-niHs«  ratio  Kascd 
im  SRI  InlemalHiful-Sciillanil  radar  data,  f  *  frc<tueiK'y  dc- 
pendency 


Fipuir  ll)-5d  Fslimak-d  median  radar-auroral  cluner-hvntHse  ralk>  ha>cd 
on  SRI  InletnalHinal-Scolland  radar  data,  f  '  frequency  dc- 
pendetKy 


niiisar  kvel  of  a  rural  t:iivironnK*nl  also  shown  in  Figure 
10-57  is  the  average  nK'dian  value  as  predicted  for  a  location 
in  Maine  at  an  a/intuth  of  6(f  for  all  seasons,  all  times  of 
day  and  a  sunspot  number  of  70.  It  is  seen  that  the  auntnil 
clutter  amplitude  increases  with  decreasing  frequency  and 
bandwidth  and  that  the  amplitude  of  the  point  target  case 
IS  greater  than  that  of  the  tillc'd  beam  case. 

Figure  IO-5h  is  a  replot  of  the  data  m  Figure  10-57  in 
terms  of  the  auroral  clutter-to-noi'-e  ratio  It  is  of  interest  u> 
note  that,  for  a  f  *  frequency  dcpendcrcy.  the  clutter-Uv 
rtoise  ratio  maximi/es  in  the  vkirity  of  10  Mil/  This  is 
due  to  the  fact  that  the  external  noise  level  increases  with 
decreasing  frequency. 

When  ?.  frequency  dependency  of  f  that  is.  n  =  J  in 
Equation  ( 10  621.  is  as-umed.  the  ionosplicric  clutter  levels 
over  the  HF  band  are  decreased,  with  respect  to  the  I  * 
estimates,  by  an  amount  of  15  6,  ‘15.  6.0.  .5  5  and  l.6dB 
al  5.  10.  15,  20  and  25  Mil/,  respeclivelv.  As  shown  in 
Figure  IIF5V.  the  clutlc-lo  noise  ratio  for  the  f  '  case,  mon- 
olon;cally  increases  with  increasing  frequency  The  cluiicr- 
tiv-noise  ratio  at  5o  ,MH/  is  12  2  dB  greater  than  that  al  5 
MU/  The  upper  and  lower  dec  lie  values  of  the  data  pre¬ 
sented  in  Figures  10- 5g  ami  10- .50  are  -*  19  dB  and  ~  19 
dB  with  respect  to  the  median  level 

The  height  distribution  ol  the  auroral  echoes  observed 
by  SRI  International  in  Ssitlarul  was  peaked  at  about  100 
to  120  kni.  that  is,  in  the  F  region,  although  heights  as  great 
as  200  km  were  observed.  Thus,  the  data  presented  in  Fig¬ 
ure-  I0-5K  and  10- 5q  can  be  considered  to  apply  only  to  F 
region  reflections. 

It  should  also  be  mcntioncil  that  the  amplitude  distri- 
hution  of  the  401 -MM/  aurora'  .-ch.Ks  shown  in  Figure  10- 
55.  which  vvas  used  as  a  basis  of  extrapolation  to  the  HF 
backscatter  radar,  was  applicable  >o  data  obtained  when  the 
direction  of  propagation  a!  the  reflection  point  was  perpen¬ 
dicular  to  the  magnetic  field  lines.  When  directions  of  prop¬ 


agation  and  magnetic  field  lines  arc  not  orthogonal,  the 
auntral  clutter  amplitude  should  decrease. 

Bates  and  Alhee  1 1969|  report  that,  assuming  a  simple 
model  of  aunvral  backscatter  from  the  h  region  that  includes 
ionospheric  refraction  effects,  a  lower  limit  of  b  dB/dcg  in 
the  15-  to  .5<)-MM/  range  was  observed  for  the  aspect-sen¬ 
sitive  decrease  in  backscatter  enws  section  with  off-perpen- 
dicular  angle  fb>m  the  geomagnetic  field.  The  aspcct-scn- 
silivc  decrease  of  the  cross  section  of  F  layer  backscatter 
echoes  was  found  by  Bates  and  AIbcc  |I97I))  to  be  t>n  the 
order  of  5  dB/deg  of  ofl-peiyicndictilanty  from  the  magnetic 
field  in  the  6-  to  15- MM/  region  An  aspect  angle  decay  of 
2  dB'deg  at  9)  MH/  was  tlediKCvi  fb>m  the  Scotland-auniral 
measurenK-nis  hy  Iwadahrand  et  al.  1 1 965 1. 

10.6.2  Cros,s  Section 

HF  radar  observations  conducted  at  ('anN>u.  Ma’"c. 
under  the  Polar  Fox  II  program,  al  frequencies  of  X  125  and 
14  X75  MH/.  during  the  period  helween  IJecemhcr  1971 
and  Novcnihcr  1972  are  used  to  estimate  the  cross  section 
ol  looosphiric  duller. 

The  radar  cross  section  given  hy  F.quaiion  ( III  61 1  can' 
also  be  expresseni  by 

«r  -  ir.Rp,, (10  65) 

where  Ah  is  the  thickness  of  the  aurora  in  the  vertical  di- 
rc'ction  .Since  Ah  was  an  unknown  factor  in  the  Polar  Fox 
I! experiment,  it  w:i>  assumed loK*  unitv  i  Im).  Thus.  Fiqua- 
tion  1 10-6.5)  can  be  written  as 

(T  =  (TaA  =  rr,sRp„  ^  ( 10.64) 
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Table  10-12.  Average  area  vcalicring  ciwl'licient  of  E  layer  and  F  layer 
incgularilies  based  im  Pidar  Fux  II  data.  January  1172. 


Frequency 

(MHz) 

Statistical 

Parameter 

Area  Scattering 
Coefficient  (dBsm/m') 

E  Layer 

F  Layer 

8.125 

Upper  Quartile 

-.34.2 

-27.2 

Median 

-47.6 

-33.6 

Lower  Quartile 

-58.6 

-42.0 

14.875 

Upper  (^ariiie 

-56.5 

-.37.1 

Median 

-63.9 

-47.2 

Lower  (Quartile 

-74.0 

-54.3 

The  cross  section  of  ionospheric  clutter  that  could  tje 
observed  by  the  HF  backscattcr  radar  is  presented  in  Table 
iO- 1 3.  The  calculations  arc  based  on  an  assumetl  radar  range 
of  700  km  for  the  E  layer  irregularities  and  1500  km  for 
the  F  layer  irregularities.  These  ranges  correspond  to  a  ray 
path  oriented  at  an  elevation  angle  of  5°  and  intersecting 
the  ionosphere  at  altitudes  of  approximately  100  ^nd  300 
km.  respectively.  For  this  configuration,  the  E  layer  scat¬ 
tering  area  evaluates  to  95.6  dBsm  and  79.6  dBsm  for  a 
pulse  length  of  400  pis  and  10  pus,  respectively.  For  the 
corresponding  pu|se  lengths,  the  F  layer  scattering  area  is 
99.0  dBsm  and  82.9  dBsm.  According  to  Table  10-13,  it 
is  evident  that  the  F  layer  clutter  cross  section  is  about  10 
to  20  dB  greater  than  the  E  layer  cross  section  at  8.125 
MHz  and  20  to  23  dB  at  14.875  MHz.  The  differences 
between  the  F  layer  and  E  layer  cross  sections  ate  most 


where  rr^  is  the  area  scattering  coefficient  and  A  is  the  area 
containing  the  scatterers. 

.The  area  scattering  c<x:fficicnts  of  E  layer  and  F  layer 
irregularities  as  deduced  from  the  Polar  Fox  II  data  are  given 
in  Table  10^12.  The  data  show  the  averages  over  all  times 
in  the  month  of  January  1972.  and  over  all  azimuths  in  the 
90°  sector  between  -.30°  and  -*-60°  with  respect  to  true 
North.  It  is  seen  that,  for  all  the  statistical  parameters,  the 
8. 125-MHz  data  are  from  12-  to  21-dB  greater  than  the 
14.875-MHz  results.  The  most  interesting  feature  of  the 
basic  data,  from  vihich  Table  10-12  was  derived,  was  the 
lack  of  evidence  of  the  influence  of  the  geographic  ItKations 
of  the  kmosphcric  scatterers  on  the  magnitude  of  the  area 
scattering  coefficient.  It  was  hypothesized  that  the  scanering 
coefficient  would  be  greater  m  the  northerly  directions  since 
ihi>  is  the  region  encompassed  by  the  auroral  oval  IFeldstcin 
and  Starkov.  I967| 


likely  due  to  the  fact  that  the  F  layer  ionization  level  is 
many  times  that  of  the  E  layer. 

It  should  be  noted  that  the  Polar  Fox  II  estimates  of  the 
E  layer  and  F  layer  area  scattering  cross  section  contain  all 
the  propagation  loss  terms,  that  is.  the  ionospheric  propa¬ 
gation  losses  had  not  been  removed  from  the  calculations. 
Because  of  this,  it  is  not  possible  to  use  the  Polar  Fox  II 
data  for  extrapolation  to  other  frequencies  in  the  HF  band. 


10.6.3  Angular  Extent 

The  angular  extent  of  HF  iotHvsphcric  elutta  was  de¬ 
termined  from  Polar  Fox  II  radar  data  recorded  in  January 
1972  at  six  frequencies  ranging  between  8  and  23  MHz. 
Figt.re  10-60  contains  pli>ts  of  the  cumulative  distributitm 
of  the  angular  extent  of  E  layer.  F  layer,  and  the  combined 
E  atrd  F  layer  clutter.  Accord'..-:  to  Table  10-14  which 


TjHc  in  13  HI  hjbli'H.ancr  olinutcxl  I*.  Ij>cr  ami  I-  la>cr  irrcguiitnlic^  K>l4r  II  daia.  JanuaiK 


Frequency 

(MHzi 

. - -  -  -  .1  -  !.■  .  1 

Pulse  Length 

(jlM 

.Statistical 

ParariK’tcr 

Average 

Cross  Section 
tdHsmi 

Cross  Se-.-tion 
Ratio 

IdB) 

■ 

F  l-ayer  E  Ijtyer 

fc  l^ycr 

' 

F  Layer 

8.125 

400 

Upper  (Quartile 

bl  2 

71.8 

.Median 

48  0 

F*!  4 

l.inver  (Quartile 

.37  0 

.370 

Kl 

Upper  Quartile 

45  4 

.  55.7 

10  .3 

Median 

.32.0 

49  3 

17. .3 

Lower  Quartile 

21.0 

40  9 

19  9 

14.875 

400 

Upper  (Juartile 

.39  1 

61  9 

22.8 

.Median 

.31.7 

5 1.8 

20.  f 

Lower  Quartile 

21.6 

44.7 

23  1 

10 

Upper  Quaritlc 

2.3.1 

45.8 

22.7 

Median 

15.7 

.35.7 

20.0 

Lower  Quartile 

5.6 

28.6 

23.0 
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Figure  KVM).  CumulitivedtMnhuiKin  of  the  angular  extent  of  HWKwphenc 
ciutfer  based  on  INdar  Foa  M  data 

summarizes  the  statistical  characteristics  of  the  three  curves 
in  Figure  HFriO.  the  median  values  evaluate  to  60.2°  18.8° 
and  27.6°,  respectively.  The  angular  dimensions  character¬ 
ized  in  Table  10-14  were  deduced  from  jon'.tspheric  clutter 
piescnt  only  in  the  I -hop  propagation  mode. 


10.6.4  Doppler  Frequency  Spectrum 

The  I>)pplcr  spectrum  (*f  radar  pulses  reflected  fn>m  the 
aurora  differs  from  that  of  the  original  transmitted  pulse.' 
The  changes  that  can  take  place  arc  1 1 1  the  center  frec|ucnc> 
can  he  shifted,  and  (2i  the  spectral  width  can  he  increased 

The  shift  in  the  center  frcqucncN  corresponds  to  a  drift 
motion  of  the  aurtiral  loni/ation  Radar-auroral  data  indicate 
an  east  west  drift  before  magnetic  midnight  and  a  west-east 
drift  after  magnetic  midnight  !la;adahrand  et  al..  Idh?! 
ITrift  velocities  of  the  order  of  .StX)  ni.'s  arc  typical  Ac- 
CorJing  to  the  analysis  of  H  layer  radar-auroral  exhoes  re¬ 
corded  111  Svotland  at  a  frcsjucncV  of  401  MHz.  the  max' 
mum  Doppler  shift  is  normally  ‘2  1.^  kHz  ILarsoo  and 
Hixlgcs.  1 967 1 

The  spread  in  the  l>>pplcr  spet mini  is  due  to  the  random. . 
turbulent  motion  ot  the  irrcgulantirs  of  cIcctMn  density  m 
the  auniral  ionization  .According  to  l.ars<in  and  Hodges 


TaNc  !•*  14  SlalfsiKj!  Jfxiirttnjri'm  c!  -hi  cAtr'ftf  t»‘  M*n*>spK'fK 

clufICT  Kiscxl  •»ff  tl  •idfd 


Statistical 

Parameter 

Angular  Lxtem  ifX’gi 

F  Layer 
Clutter 

F  fjycr 
Clutter 

h  and  F  Layer 
Clutter 

Upper  Decile 

87,7 

76.0 

87  0 

Upper  Quartile 

84.8 

42  4 

74.4  ' 

Median 

60.2 

18,8 

27.6 

Lower  Quartile 

19.0 

10,0 

1,4.6 

Lower  Decile 

II. 6 

2.8 

3.4 

Figufc  EMinutc  of  F  layer  HF  raJar  ijopplcr  frequcocv 

spread  and  shift  based  i>n  SRI  tnicrnaiional  SeeXiand  niea 
sur^ment's  ai  4f)l  MH? 


ll%7|.  the  maximum  Doppler  frequency  spread  at  40!  MHz 
is  on  the  order  of  1.90  kHz  al  -  6  dB  helow-  the  peak ,  4  00 
kHz  at  12  dB.  and  4  7.S  kHz  at  -  !H  dB 

The  expected  (one  standard I  ’dcviation  of  Doppler  fre¬ 
quency  shift  and  spread  at  HF  is  presented  in  Figure  10-61 
The  estimates  an.*  based  on  the  fact  that  the  Ifoppler  fre- 
qucn«.  >  variations  arc  directly  proportional  ;o  frequency  and 
on  the  assumption  that  shifts  and  spreads  arc  norrrial!)  do- 
trhuted  Tfius.  the  maximum  shift  and  spread  are  equivalent 
to  the  .4-sigr.ia  (standard  deviation!  value  of  the  disinhution 


FREQUENCV  tMHi) 


Figure  I0-62.  Fslimaic  of  F  layer  HF  radar- aun>rj|  tola!  dopptcr  frequonev 
deviation  based  on  SRI  Jntematjonal-Stodand  nrea-sure 
ments  al  40 »  MHz. 
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At  10  MHz,  the  rx>pplcr  frequency  shift  evaluates  to  ±  18 
H/  and  the  Doppler  frequency  spread  becomes  16  Hz  at  the 
-6  dB  level.  M  Hz  at  -  12  dB  and  40  Hz  at  -  18  dB. 

The  estimi'tes  of  E  layer  HF  radar-auroral  totzl  Doppler 
frequency  deviation  are  plotted  in  Figure  10-62.  At  10  MHz. 
it  is  pitssihle  that  the  I -sigma  value  of  the  total  Doppler 
deviation  could  be  on, the  order  of  ±26  Hz  at  the  -6  dB 
level.  ±  .T*;  Hz  at  -  12  dB.  and  ±  38  Hz  at  -  18  dfl. 

K  layer  radar-aun)ral  ech<K's.  having  radial  veUx'ities  as 
high  as  14.^0  in/s.  have  been  observed  at  17  MHz  by  Brooks 
|l%6|.  This  corresponds  to  a  Doppler  frequency  shift  of 
164.3  Hz  The  maximum  radial  vekx'ity  of  F  region  field- 
aligned  irregularities  detected  at  17.3  MHz  fBaggaley.  1970| 
was  found  to  he  on  the  oriler  of  165  m/s  w  ith  a  mean  of  65 
m/s  Jn  terms  of  the  [Toppler  Irequeney  shift,  these  veliKities 
evaluate  to  19  0  and  7.5  Hz.  respectively 

The  extrapolation  to  the  HF  band  of  the  Doppler  meas¬ 
urements  ot  F.  region  irregularities  conducted  by  Hofstee 
and  Forsyth  1 19691  at  a  Irequeney  of  approximately  40  MHz. 
Baisley  and  Fcklutkl  1 1972!  ^^Hz.  Baisley  et  al.  1 1973| 

at  50  MHz,  ('.lecnwald  et  al  |I975|  at  50  MHz  and  Hal- 
doupis  and  .Sofko  1 1976|  al  42  .MHz  are  in  agreement  with 
the  results  presented  in  Figures  01-61  and  10-62. 


10.6.5  Frequency  of  Occurrence 
and  Correlation  with 
Solar-<ieophysical  Conditions 

The  expsTiniental  observations  of  field-aligned  ech*x*s 
at  f9  4  Mlir  oinducti.'d  over  a  three-year  [vriix!  t  l'>6f  I963» 
at  a  site  livaicd  in  the  vicinity  of  Hi>sion  dis.  losed  that  the 
cshtH-s  were  present  for  a'  h'ng  as  I  I  h'day  |Malik  and 
.Aatons.  I‘>fv4|  Although  a  s<‘asonal  pattern  was  elcarlv 
skfiin  d.  llieie  a('|v<!ies!  (o  fv  a  leiisK  nsy  lot  llie  renecliims 
to  m  eiir  on  a  greater  niiniN’r  ol  days  during  the  sumnK’r 
than  during  the  winter  1  he  i  onelalnm  of  echo  activity  with 
siinsp,>t  miiiilx  r  vs  .is  foiiml  lo  evist  For  example.  In  I9M 
when  the  sunspot  minihv.T  was  ;s  v.  echws  appeared  on  73'; 
o'  ihv-  vf-c. '  ii  an  average  of  f  .i)  h  J.o  In  I'Xit  when  the 
sunspot  nuftih  I  was  28.  the  ech>>es  apfx-.ired  on  ''5‘i  ol  the 
d-o  s  al  an  aveiage  c>f  t  h  day  M.iviriiuni  echo  at  iiviiv 
is  .Ui  r.!  hetween  IH’i't  .in.!  .Ttxxi  h  time 

A  III  ue  thi ’rough  ,in.ii\>,is  >>t  the  19  4  \f!lz  held  aligned 
echiK's  re.'ot  .i-.  >i  tr  ’ui  Ivyiy}  ihnnigh  1965  h.u'  been  per- 
tonnei!  hy  the  ,\ir  Fort,:.-  (.  anit’Mdgc  Research  1  .iboratories 
IBa-i!  el  al  1973.  I9'’4j  It  was  fiiund  that  undet  quiet 
magnetie  o  'dmons  held  aligned  F  layer  cchiv.  showed  a 
siitniner  evening  maviniiim  and  appiarevf  to  fx’  assixiated 
with  the  ground  hacksi-.itter  eeh<vs  from  sp<vradie  I,  jBasu 
et  al  .  19731  A  weak  sccondarv  niaximum  .existed  in  the 
winter  with  no  delectahie  licld-ah.gned  echoes  durine  the 
daytiin.-  Diiring  distiirhu’d  magnolii.  conditions,  the  licfd- 
al'gned  h.  layei  echoes  increased  with  in.ignctie  aetivitv  and 
appeared  during  the  ilaytinie  with  a  concsponding  decrease 


in  .sporadic  E.  The  data  did  not  reveal  a  seasonal  depen¬ 
dence. 

Under  quiet  magnetic  conditions,  the  field-aligned  F 
layer  echtxts  were  found  lo  be  a  sunset  phenomenon  and 
correlated  with  the  sunspot  cycle  |Basu  et  al..  19741.  In 
general,  (he  echoes  occurred  in  the  range  from  :0.50  to  1500 
km.  However,  during  the  daytime,  long  range  echoes,  at 
limes,  were  observed  at  ranges  of  3000  to  3300  km.  An 
interesting  disclosure  was  the  fact  that  the  occurrence  of  the 
F  layer  field-aligned  echoes  increased  directly  with  the  in¬ 
crease  in  magnetie  activity  until  the  level  K^,  (Fredericks¬ 
burg.  Maryland,  three-hour  K  index)  attained  a  value  of 
four.  Beyond  this  level,  there  was  a  decrease  in  the  occur¬ 
rence  of  the  F  layer  echoes  with  no  .chocs  being  observed 
when  K)  ,  s  7.  Radar  auroral  measuremenls  made  at  Stan¬ 
ford  University  al  a  frequency  of  17.3  MHz  reveal  that 
maximum  auroral  uetiviiy  (Kcurred  between  1900  and  0400 
hours  Uxal  lime  |Pclers«)n  et  al..  1955]. 

According  to  the  HF  radar  echo  observations  conducted 
at  12  and  18  MHz  in  the  state  t.f  Washington,  ihtre  was  a 
pronounced  peak  in  the  frequency  of  iveurrence  of  the  echoes 
Bom  field-aligned  irregularities  near  the  time  of  livcal  sunset 
IHower  cl  al  .  I966|.  The  charaetcrislies  of  the  echoes  de¬ 
lected  at  sunset  were  different  from  those  (xeurring  at  night. 
It  was  found  that  the  local  sunset  echiK’s  appeared  at  ranges 
of  about  20t>f)  km  and  were  generally  spread  in  range  Idif- 
fusei.  The  ixeurrenec  of  the  sunset  eetvxs  was  relatively 
independent  of  magnetic  activity.  The  nighttime  echoes,  on 
the  other  hand,  appeared  al  ranges  of  ah*>ut  IBOO  km  and 
tended  to  display  little  spread  in  r.ingc  (discrete).  The  oc¬ 
currence  of  nighitinK  echix's  was  highly  dependent  on  mag¬ 
netie  activity 

Flower  cl  al  .  |I96#>|  mved  a  decreasing  echo  activity 
with  solar  eyelc.  the  maximuni  percentage  tveurrences  dur¬ 
ing  the  nighttime  being  appniximately  805f  m  December 
1958,  in  December  1963.  and  35'x  in  March  1964 
The  I  Zurk’h)  relative  sunspot  number  during  the  correspond- 
mg  fieriod  was  185  2.  118.  and  14  5.  respectively.  Hower 
and  Makhiiani  1 1969)  have  eoneludcd  that  HF  F  layer  back- 
Hattor  cehvx-s  anse  irom  the  same  general  irregularity  re¬ 
gions  II.  w  hich  sprcail  F  is  detected 

Sprenger  and  (iliHle  |  l‘)64I  have  reported  that  the  diurnal 
variation  ot  ihv'  frequency  ot  ixcurrence  of  radar-auroral 
cchiK's  recorded  troni  late  1958  to  mid  1962  at  33  MHz  at 
Kuhlungsborn  tgeogr.iphie  coordinates:  54°N.  t2'F.:  gciv 
magnetic  l.vtitiiJe;  54  N I  showed  a  double  maximum  al  a'p- 
pfoxirnalely  ftlDriend  1 7f¥! hours  local  linx'  The  probability 
of  iKCurrcn'.e  of  F  lay  er  auroral  echoes  was  found  to  he  a 
lunetion  of  niagnelk  activity  No  auroral  echoes  were  ob¬ 
served  at  a  magnetic  index.  Kp  <  5.  and  KIO'4  iKcurrencc 
at  Kp  =  9  W  ith  regard  to  the  eorrelalion  of  auroral  echo 
activity  w  iih  sunspot  cycle.  Sprenger  and  Glride  1 19641  have 
concludcvl  that  the  maxiniuni  of  auroral  activity  (xcurred  in 
I960  about  two  years  alter  the  sunspot  nia:-,inium  and  that 
the  activity  decreased  to  zero  within  a  period  of  only  one 
and  a  half  vears 
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Bnx^ks'  ( l%S.  I%6J  investigation  of  radar-aumral  echoes 
at  17  MHz  conducted  in  I9S9  and  1960  indicated  that,  for 
the  discrete  echoes,  the  maximum  number  appeared  between 
0000-0300  hours  local  time,  and  for  the  diffuse  echoes, 
between  1900-2100  hours  local  time. 

A  maximum  number  of  backscatter  echoes  at  13.866 
MHz  from  the  F  region  on  759f^  of  the  nights  for  March 
1958  was  reported  by  Weaver  1 1%51.  A  minimum  number 
of  echoes  was  observed  in  June,  the  data  being  collected 
during  1957  and  1958  at  Ithaca,  New  York,  with  the  antenna 
beam  oriented  in  a  northward  direction. 

Backscatter  observations  of  F  region  field-aligned  irreg¬ 
ularities  made  at  17  MHz  near  Sheffield.  England  (geo¬ 
graphic  coordinafrs:  53.4.t°N.  I.58'’W;  geomagnetic  lasi- 
,nide:  65.4°Nl  hetw  *  .  rrid-October.  1964.  and  mid-January. 
1966.  IBaggaley.  * '  0|  which  was  a  period  of  low  sunspot 
activity,  showed  that,  on  the  average,  the  echoes  were  pres¬ 
ent  on  23. .3'^  of  the  days  while  only  1.59f  of  the  total 
observing  time  was  occupied  hy  the  echoes.  A  sumnter 
maximum  and  a  winter  minimum  were  found  to  exist.  This 
seasonal  variation  correlates  with  Malik  and  Aarons*  1 1964) 
results.  ' 

Baggaley  |I970|  noted  that  there  was  a  correlation  be¬ 
tween  the  onset  of  F  layer  echoes  and  the  solar  zenith  angle 
at  the  reflection  point  in  the  F  layer  (assuming  a  height  of 
.300  km).  That  is,  a  maximum  number  of  echoes  occurred 
at  a  solar  zenith  angle  of  90°-  95°.  and  a  minimum  at  angles 
less  than  85°  and  greater  than  125°.  In  addition,  no  corre¬ 
lation  was  found  to  exist  between  F  layer  echo  <Kcurrencc 
and  magnetic  activity.  Of  the  total  time  for  which  F  layer 
echo  activity  was  present;  only  N'T  was  ass<Kiated  with 
magnetic  index  Kp  S’  4. 

Field-aJigfKd  echoes  fixw  the  F  region  observed  at  Bris¬ 
bane.  Australia,  at  16  MHz  (Kcurred  preferentially  dunng 
gcsHTiagnetk;  disturbances  and  csirrelated  stmngly  with  spread- 
F  and  radio  star  scmtiliations  iKcumng  in  the  same  region 
of  the  ionosphere  I.Swcnvm.  I972|. 

An  analysis  of  29-MH/  backscatter  measurements  ear¬ 
ned  .lut  in  Northern  ( West)  (ienmany  and  Scandanavia(gc<v 
magnetic  latitudesof  55'  7TNi  by  Czc»:hi'wsky  et  al  .  |I974| 
confirmed  the  close  correlation  between  radio-auroral  txr- 
cuTTcnce  and  geomagnetic  activity.  Most  of  the  radio  auroras 
appeared  in  the  aftcrrHion  and  evening  hours. 


i  0.6.6  Conclusions) 

The  radar  auroral  clufter-tu-noise  ratio  in  the  5  30.MH/ 
frequency  range,  as  predicted  from  the  SRI  International 
radar  data  acquired  in  Scotland,  is  dependent  on  the  fre¬ 
quency  dependence  law  of  the  auroral  backscatter  echo  power. 
Assuming  a  frequency  variation  of  f  ■*,  the  clutter  level  max¬ 
imizes  at  approximately  10  MHz.  When  a  f  ’  law  is  as¬ 
sumed.  the  maximum  clutter  level  is  shifted  to  a  frequency 
of  .30  MHz. 


For  an  assumed  f  ’  dependence,  the  radar-auroral  clutter- 
to-noi.se  ratio  at  5  MHz  is  l5;6-dB  less  than  that  derived 
on  the  basis  of  an  f  '*  law.  Assuming  that  the  radar  aurora 
is  a  point  target,  the  clutter-to-noise  ratio  for  a  400  gis  pulse 
is  estimated  to  be  3.6-dB  greater  than  that  deduced  for 
auroral  scatterers  that  completely  fil'  the  antenna  beam.  For 
a  lO-jis  pulse,  the  corresponding  difference  is  19.6  dB. 

An  analysis  of  the  HF  ionospheric  backscatter  data  ob¬ 
tained  in  Maine  under  the  Polar  Fox  II  program  reveals  that 
the  F  layer  cross  section  could  be  10  to  20  dB  greater  than 
the  F  layer  cross  section  at  8. 125  MHz  and  20  lo’  23  dB  at 
14.375  MHz. 

The  median  value  of  the  angular  extent  of  E  layer,  F 
layer  and  combined  E  and  F  layer  ionospheric  clutter  appears 
to  be  on  the  order  of  60,2°.  18.8°  and  27.6°.  respectively. 

Extrapolating  from  the  SKI  Intemational-Scotland  UHF 
radar-auroral  data,  it  is  estimated  that  for  5-MHz  radar  trans¬ 
missions  reflected  from  E  layer  ailroral  ionization,  the 
l-sigma  value  of  the  total  Dtrpplcr  frequency  deviation,  that 
is.  Doppler  frequency  shift  and  spread,  could  be  on  the 
order  of  ±13  Hz  at  the  -6  dB  normalized  signal  level. 
±  17  Hz  af  -  12  dB.  and  ±  19  Hz  at  -  18  dB.  At  30  MHz. 
the  l-sigma  Doppler  desialions  should  incrca.se  to  approx¬ 
imately  ±78  Hz.  ±  105  Hz.  and  ±  1 14  Hz.  respectively. 

HF  iicld:aligncd  backscatter  echoes  usually  occurs  most 
often  near  lix'al  sunset.  However,  cxperimcn'il  observations 
have  shown,  at  tin^s.  peak  activity  near  the  midnight  hours. 

There  is  a  stnmg  correlation  of  backscatter  echoes  with 
the  solar  cycle.  That  is.  the  percentage  of  days  displaying 
backscatter  reflections  decreases  with  d-xreasing  sunspot 
number. 

The  characteristics  of  sunset  echoes  are  found  to  be 
different  from  those  iKcurring  during  the  night.  The  sunset 
echoes  arc  generally  of  the  diffuse  type,  and  are  independent 
of  magnetic  activity  while  the  nighttime  echoes  aie  discrete 
and  correlate  with  magnetic  activity. 


10.7  SCINTILLATION  ON  TRANS- 
lONOSPHERIC  RADIO  SIGNALS 

A  radio  wave  traversing  the  upper  and  lower  atmosphere 
of  the  earth  suffers  a  distortion  of  phase  and  amplitude. 
When  it  traverses  ionospheric  irregularities,  the  radio  wave 
experiences  fading,  phase  deviations,  and  angle  of  arrival 
variations  These  signal  fluctuations,  known  as  ionosphent 
scintillation,  vary  widely  with  frequerury.  magnetic  and  so¬ 
lar  activity,  time  of  day.  season,  and  latitude. 

The  irregularities  pnxlucing  scintillations  are  predomi¬ 
nantly  in  the  F  layer  al  altitudes  ranging  from  200  to  l(X)0 
km  with  the  primary  disturbance  region  for  high  and  equa¬ 
torial  latitude  irregularities  between  2.50  and  400  km  There 
aie  times  when  E  layer  irregularities  in  the  90  to  100  km 
region  produce  scintillation,  particularly,  sporadic  E  and  au¬ 
roral  E, 
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Figure  l(V64.  Sample  tif  intensity  fnling  pnahiced  by  signal  passing  through 
irregularities  Fade  duraliiHi  and  cumulative  probability  dis- 
iributiim  are  alsu  shtiMn. 


Figure  lO-bT  Ckihal  depth  of  scintillalKHi  fading  Ipropiirtional  to  density 
of  crnssh^'htngl  during  km  and  moderate  siilar  activity. 


10.7.1  Global  Morphology 

From  the  pksbal  point  of  view  there  are  three  major 
sectors  of  sciittiliation  activity  (Figure  IO-63|,  The  cqua- 
ftirial  region  composes  an  area  within  ±  20'  of  the  magnetic 
equator.  The  high  latitude  region,  for  the  purposes  of  the 
scintillation  description,  comprises  the  area  from  the  high 
latitude  edge  of  the  trapped  charged  particle  houndary  into 
the  polar  tegiem.  We  '.diall  term  all  t*ther  rcgiims  “middle 
latitudes" 

In  all  sectors,  there  is  a  pronounced  nighttime  maximum. 
At  the  equativ,  activity  begins  only  after  sunset  Even  in 
the  pi'lar  region,  there  appc  irs  to  he  greater  scintillation 
occurrence  during  the  ss  inter  months  than  during  the  months 
of  continuous  v’lar  visibility. 


10.7.2  Scintilliition  Examples 


10.7.3  Signal  Characteristics 

The  amplitude,  phase  and  angle  of  arrival  of  a  signal 
will  fluctuate  during  periods  of  scintillation.  The  intensity 
of  the  scintillation  is  characterized  by  the  variance  in  re¬ 
ceived  power  with  the  S4  index  commonly  used  for  intensity 
scintillation  and  defined  as,  the  square  root  of  the  variance 
of  received  power  divided  by  the  mean  value  of  the  received 

power  that  is.  Sj  =■  IBnggs  and  Parkin.  I%.T|. 

An  alternative,  less  rigorous  but  simple  iiKasure  of  scintil¬ 
lation  index  has  been  adivpted  by  many  workers  in  the  field 
(Whitney  cl  al..  19691  for  scaling  limg-term  chart  records. 
The  definition  is 
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where  P,.v..  fhc  psiwer  level  of  i.*vy  3rd  peak  down  from 
the  maximum  excursion  of  the  vcintiUations  and  P^„  is  the 
level  Lif  the  .^rd  peak  up  from  the  minimum  excursion, 
measured  in  dB  |Whilncy  ct  al..  1969]. 

The  equivalence  of  selected  values  of  these  indices  is 
indicated  below  . 


The  inlenviry  fading  can  bc'l  be  characterized  by  an 
idealized  example  vuch  as  in  Figure  10-64.  The  mean  signal 
level  is  nKxlulaicd  by  the  passage  thwugh  the  irregularities 
so  that  the  signal  level  very  rapidly  increases  and  decreases 
In  Figure  10-64  the  mean  vign;*!  level  al  limes  fades  below 
the  ,4  dB  level  anu  below  the  6  dB  level.  The  number  of 
fades  and  the  fade  duration  for  a  typical  15  minute  length 
of  signal  from  a  synchronous  satellite  is  shown  in  Figure 
10-64  along  with  the  cumulative  probability  distribution 
function  (pdf).  In  this  example  the  signal  was  above  the  6 
dB  fade  level  91.79?-  of  time. 
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Scaling  of  the  chart  records  is  facilitated  by  simply  meas¬ 
uring  the  decibel  change  between  the  and  P,„,rt  levels. 
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The  phase  variations  are  characterized  by  the  standard  de¬ 
viation  of  phase,  over  a  given  interval  of  fluctuation 
frequency. 

Attempts  have  .n  made  to  model  the  observed  am¬ 
plitude  pdf.  Whitney  et  al.  (1972|  and  Crane  [1977]  have 
constructed  model  distribution  functions  based  upon  the  use 
of  the  Nakagami-m  di.stribution  (m  =  (84)"^)  and  have  shown 
that  the  empirical  models  provide  a  reasonable  approxi¬ 
mation  to  the  calculated  distribution  functions.  Fremouw  et 
al.  (1980)  showed  that  the  Nakagami  distribution  for  inten¬ 
sity  and  the  normal  di-.lribution  for  phase  may  be  used  to 
characterize  the  statistics  of  the  scintillation  signal.  In  ad¬ 
dition.  the  Rayleigh  pdf  provides  i/ood  fit  to  thr  data  under 
conditions  of  very  strong  Kintillaiion  (S4  ~  1.0). 


cartesian  coordinate  system  (x,y,z),  and  a  plane  wave  of, 
wavelength  \  traveling  in  the  z-direction  is  incident  on  the 
layer,  then  for  weak  scattering  (rms  phase  <{>„  <  1)  the  spa¬ 
tial  spectrum,  <t>(K,,Ky),  of  phase  (s)  and  log  amplitude  (x) 
(Yeh  and  L- :,  1982)  on  the  ground  (z  =  z)  is  given  by 


‘1>4..(Kx.k,)  =  ir(reX)^L  (l; 

[  k^L  V  2k  /  (10.66) 

X  cos  j|<l>,lN(Kx.Ky,0) 

the  iioper  and  lower  signs  within  the  bracket  referring  to  x 
and  s  respectively.  In  the  above  equation. 


10.7.4  Frequency  Dependence 

Observations  [Fremouw  et  al.,  1978]  employing  ten  fre¬ 
quencies  between  138  MHz  and  2.9  GHz  transmitted  from 
the  same  satellite,  show  a  consistent  wavelength  (X)  de- 
pc^knee  of  the  form  X' '  of  S4  for  S4  less  than  about  0.6. 
The  frequency  dependence  becomes  less  steep  for  stronger 
scintillation,  as  S4  approaches  a  maximum  value  near  unity 
witii  1  few  rare  exceptions.  When  S4  exceeds  0.6  (peak  to 
peak  values  >  10  dB)  the  frequency  dependence  exponent 
decreases.  (If  two  frequencies  arc  being  compared  and  both 
experietKC  strong  scattering  to  the  extent  that  each  displays 
Rayleigh  fading  (S4  ~  10).  then  there  is  effc'tively  no 
wavelength  dependence  over  the  frequency  interval. )  When 
strong  scattering  (Kcurs  but  is  ntK  constant  over  the  fre¬ 
quency  interval,  the  wa  elength  dependence  is  difficult  to 
determine.  The  observations  | Fremouw  et  al..  1978)  also 
show  that  the  pnase  scintillation  iridex.  <r*.  varies  as  X  for 
both  weak  and  strong  scr.ttering.  However,  in  extremely 
strong  scattering  cnvininment.  the  frequency  dependence  of 
phase  scintillation  is  also  weakened. 


10.7.5  Fading  Spectra 

During  their  passage  through  the  ionospheric  irregular¬ 
ities  of  electron  density,  radio  waves  from  satellites  undergo 
spatial  phase  fluctuations.  As  the  wave  emerges  from  the 
irregularity  layer  and  pnipagates  towards  the  ground,  these 
phase  fluctuations  cause  interference  to  iKcur  and  a  dif¬ 
fraction  pattern  in  both  intensity  and  phase  develops  on  the 
ground.  In  the  presence  of  a  relative  motion  between  the 
diffraction  pattern  and  the  observer,  a  temporal  variation  of 
intensity  and  phase  results.  By  transforming  the  temporal 
pattern  to  the  frequency  domain,  the  frequency  spectra  of 
intens.ty  and  phase  fluctuations  are  obtained. 

If  a  thin  irreguiarity  layer  lies  in  the  plane  z  =  0  of  a 


Kx.Kj.K,  -  spatial  wave  numbers  in  x.  y  and 
z  directions 
=  k;  -t-  k; 

-  psiwer  spectrum  of  irreguiarity  electron 
density  deviation 

k  -  the  wavenumber  of  the  radio  wave 

(=¥) 

fc  -  the  classical  electron  radius 

1=  2.818  X  10  m) 

L  -  irregularity  layer  thickness. 


In  the  presence  of  a  relative  motion  between  the  prop¬ 
agation  path  and  the  irregularities  the  spatial  spectrum  <t>(K,.K. ) 
■is  convected  past  the  obse.'’ver  and  a  temporal  variation  of 
signal  phase  and  amplitude  is  observed.  If  the  irregularity 
structure  dixts  not  change  during  the  convection  Cfnizen- 
in  hypothesis)  and  the  irregularities  have  a  unii'onn  velocity 
u  in  the  x-direction  ihen  the  power  >.pectr!i  of  log  amplitude 
and  phase  in  the  frequency  domain  are  given  by 


X  cos 


where 


'4>— angular  frequency  of  pha  c  a  id  amplitude  fluctuation 

q-  =  —  +  KC. 

u- 

The  tenn  w  ithin  the  bracket  with  the  upper  sign  is  known 
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as  the  amplitude  or  Fresnel  filter  function  and  that  with  the 
lower  sign  as  the  phase  filter  function.  The  Fresnel  filter 
function  oscillates  with  the  variation  of  frequency  f  and  at- 
tains  its  first  maximun.  at  the  frequency  fp  =  u/\'^2^  . 
The  behavior  of  the  phase  filter  function  is  very  different 
f"om  the  amplitude  filter  function  as  it  fails  to  attenuate  the 
low  frequency  regime.  Equation  (10.67)  provides  a  rela¬ 
tionship  between  the  irregularity  power  spectrum  in  the  ion¬ 
osphere  and  the  amplitude  or  phase  scintillation  spectrum 
obtained  on  the  ground.  Since  the  irregularity  power  spec¬ 
trum  has  a  power  law  variation  [Dyson  et  al.,  1974;  Phelps 
and  Sagalyn.  19761  of  the  form  k  ’’,  the  power  spectrum  of 
amplitude  scintillation  shows  a  maximum  at  the  frequency 
fp  due  to  the  Fresnel  filter  function.  On  the  other  hand,  the 
phase  fluctuations  are  dominated  by  the  low  frequency  re¬ 
gime.  At  f  fp.  both  amplitude  and  phase  .scintillation  spectra 
show,  an  asymptotic  variation  f  ’’  when  the  three-dimen¬ 
sional  irregularity  spectrum  is  of  the  form  k  Thus  from 
a  study  of  weak  scintillation  spectra  the  spectral  form  of  the 
irregularities  causing  scintillations  may  be  deduced. 

■  Figures  lO-b.Sa  and  IO-65h  show  two  samples  of  weak 
phase  and  amplitude,  spectra  obtained  from  244  MHz  scin¬ 
tillation  observations  made  at  Gcxrse  Bay.  I  abrador  by  the 
use  of  the  Fleetsat  geostationary  satellite  (Basu  et  al..  1982). 
The  phase  and  amplitude  scintillation  data  were  detrended 
by  a  high  pass  detrend  filter  with  a  cut-off  frequency  of 
0.0067  Hz  and  the  data  sample  >  ields  an  rms  phase  deviation 
of  2.4  radians  and  amplitude  scintillation  index  =  0..SI 
conforming  to  weak  scintillation  criterion.  B('th  spectra  show 
an  asymptotic  variation  in  the  high  frequency  region,  the 
amplitude  spectrum  sh<'wing  f  ’  "  variation,  and  the  phase 
spectium  show  ing  f  variation.  If  we  consider  that  the 
scintdiation  spectra  have  an  average  f  ’ '  variation,  the  eor- 
resptinding  three-dimensional  ircgularity  power  spectnim 
is  expected  to  have  a  power  law  wavenumber  spectrum  of 
•the  torm  k  '  The  decrease  of  power  spectral  density  at 
the  low  frequency  end  of  Jhc  phase  spectrum  is  caused  by 
the  detrend  tiller.  It  may  he-  noted  that  in  the  amplitude 
scintillation  spe'ctrum  the  high  frequency  nill-off  starts  at 
the  Fresnel  frequency  of  aN>ut  4(1  mHz.  For  an  irregularity 
layer  height  of  .^.S()  km.  the  observed  Fresnel  frequency 
yields  the  irregularity  drift  veliK’itv  as  37  m.'sec.' 

When  scintillaftons  hcconK-  intense,  the  theory  outlined 
aN>ve  docs  not  hold,  and  strong  single  scattering  as  well  as 
multiple  scatter  theories  appropriate  to  such  cases  have  been 
developed  |Yeh  and  l.iu.  1982  and  references  thercini  In 
such  cases  i'  hccomcs  difficult  to  relate  in  a  straightforward 
manner,  the  scintillation  spectra  to  the  irregularity  structures 
in  the  ionosphere  Figures  IO-65c  and  M)-63d  show  a  sample 
o(  intense  amplitude  scintillation  data  and  its  spectrum 
(Sa  -  <>  88)  analyzed  from  2.37  Hz  scintillation  data  ob¬ 
tained  at  .Ascension  Island  near  the  crest  of  the  equatorial 
anomaly  by  the  use  ol  transmission  from  the  gcostalionarv 
satellite,  Marisat  IHasu  and  Whitney.  I983|,  In  contrast  to 
the  weak  amplitude  scintillation  spectrum  shown  earlier, 
these  spectra  show  a  flat  low  frequency  portion  and  increased 
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bandwidth  of  the  frequency  spectra,  implying  the  devel¬ 
opment  of  shorter  scales  in  the  diffraction  pattern.  It  is  found 
that  the  correlation  lengths  get  progressively  smaller  with 
increased  strength  of  scattering  [  Rino  and  Owen ,  1 98 1 ;  Basu 
and  Whitney,  1983).  Under  conditions  of  strong  scattering, 
the  phase  scintillation  spectra  are  also  believed  to  suffer 
from  the  refractive  scattering  from  very  large  scale  irreg¬ 
ularities  (Booker  and  MajidiAhi,  1981].  Since  wave  prop¬ 
agation  through  a  strong  irregularity  environment  has  con¬ 
siderable  systems  applications,  intensive  work  in  this  area 
is  in  progress. 


10.7.6  Geometrical  Considerations 

The  intensity  at  which  .scintillations  are  observed  de¬ 
pends  upon  the  position  of  the  observei  relative  to  the  ir¬ 
regularities  in  the  ionosphere  that  cause  the  scintillation. 
Keeping  both  the  thickness  of  the  irregularity  region  and 
AN,  the  electron  density  deviation  of  the  irregularity,  con¬ 
stant,  geometrical  factors  have  to  be  considered  to  evaluate 
data  and  to  predict  scintilb.tion  effects  at  a  particular  lo¬ 
cation.  Among  these  are: 

(a)  Zenith  distance  of  the  irregularity  at  the  ionospheric 
layer.  One  study  (Wand  and  Evans.  1975)  found  the  inten¬ 
sity  of  scintillation  related  approximately  to  the  secant  of 
the  zenith  angle  up  to  70°;  at  angles  >70°  the  dependence 
ranges  between  and  the  first  power  of  the  secant  of  the 
zenith  angle. 

(b)  Propagation  angle  relative  to  the  earth’s  magnetic 
field.  Performing  this  calculation  demands  the  use  of  an 
irregularity  configuration  and  the  consideration  of  Gaussian 
or  a  power  law  model  for  the  irregularities.  At  high  latitudes, 
irregularities  in  one  study  were  elongated  along  the  earth's 
magnetic  field  with  a  cylindrical  form  of  axial  ratio  of  5 
along  the  lines  of  force  Sheet-like  irregularities  with  forms 
of  10  ;  10  :  I  have  als<'  been  found  in  recent  auroral  studies 
I  Rino  et  a!..  1978).  For  equatorial  latitudes,  this  elongation 
along  the  lines  of  force  may  be  of  the  order  of  50  to  100 
IKoster.  1%31. 

(c)  The  distance  from  the  irregularity  region  to  the  source 
and  to  the  observer  (near  the  irregularities,  only  phase  fluc¬ 
tuations  arc  developed)  As  noted  in  Mikkelscnet  al..  ( 1978| 
and  Crane.  |I977)  the  theoretical  scintillation  index  can  be 
expressed  in  terms  of  the  above  factors  when  <;ealing  with 
ionosphenc  irrcgiilariiics  represented  by  a  Gaussian  power 
spectrum. 

Mikkelsen  et  al.  1 1978)  have  attempted  to  determine  the 
theoretical  .scintillation  index.  S4,  when  the  irregularities  are 
described  by  a  power-law  power  spectrum. 

Mikkelsen  assumed  the  approximate  dividing  line  be¬ 
tween  weak  and  strong  scintillation  is  ~9  dB.  with  SI  <  9 
dB  denoting  the  weak  case. 

The  geometric  variation  of  Sj  is  provided  in  Mikkelsen 
etal.  11978). 
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Figure  l(Wi5.  Spectra  of  (at  phaNC  scirtillatitm  arid  (bl  iiilcnNity  scintilijti^»n  uiKkr  weak  >cali?r  ti>iWi!it>ns  a)  244  MHz  observed  at  OtMse  Bay.  Labrador 
t>n  31  March,  197*^  (cl  Data  of  257  MHz  intensity  scmt.HaiM.n  and  *d)  its  spectrum  under  strt»ng  H'aiter  conditiims  observed  at  Ascension 
Islarki  iMi  20  December.  IV7V. 


10.7.7  Spread  F  and  Scintillation 

The  evidence  tVom  the  coreljtion  of  scintillation  occur¬ 
rence  and  spread  F  [Rastogi,  19801  that  equatorial  range 
spread  is  associated  with  scintillation  activity  and  frequency 
Sfwead  is  not.  Thus  the  available  spread  F  maps  cannot  be 
used  for  scintillation  obsei'vations  in  these  regions;  they  a.e 
dramatically  misleading  in  many  cases.  In  the  high  latitude 
region  no  statistical  study  has  been  made  to  correlate  types 
of  spread  F  with  scintillation  activity.  It  might  be  noted  that 
even  range  spread  occurrence,  and  scintilLtion  have  imp^nr- 
tant  differences. 


10.7.8  Equatorial  Scintillations 

10.7.8. 1  Patch  Characteristics.  It  has  been  established 
that  nighitinic  ionospheric  equatorial  iiregularity  regions 
cmergint  ifter  sunset  develop  from  bottoinside  instabilities, 
probably  of  the  Rayleigh-Taylor  type.  The  depleted  density 
bubble  rise<  into  the  region  above  the  peak  of  the  F2  layer. 
Steep  gradients  on  ihe  edges  of  the  hole  help  to  generate 
'he  smaller-scale  irregularities  w  ithin  the  patch  which  pro¬ 
duces  intense  scintillation  elfei  ts  |8asu  and  Kelley.  |979|. 

A  pIniTii'  like  irregularity  region  develops,  finally  fomi 
ing  a  patch  of  irregularities  that  has  been  likened  to  a  banana 
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or  an  orange  segment.  A  cut  through  the  center  of  the  “ba¬ 
nana"  is  shown' in  Figure  10-66. 

The  characteristics  of  the  patch  development,  motion 
and  decay  can  be  summarized  as  follows: 

1 .  A  new  patch  forms  after  sunset  by  expanding  west- , 
ward  in  the  direction  of  the  solar  terminator  With  velocities 
probably  similar  to  that  of  the  terminator.  It  comes  to  an 
abrupt  halt  after  typa  j!iy  expanding  to  an  east-we.st  di¬ 
mension  of  KX)  to  nrwr.il  hundred  kilometers.  It  appears 
to  have  a  minimum  size  ol  KX)  km 

2.  It  is  compose'd  of  field  aligned  elongated  khI  or  sheet¬ 
like  irregularities.  The  vertical  thickness  of  the  patch  is  .SO 
to  several  hundred  kilomcicrs  The  palch  has  maximum 
intensity  irregularities  in  a  height  region  from  225  to  450 
km.  with  irregularities  extending  to  over  KXX)  km. 

,V  Its  north-south  dimensions  arc  of  the  order  of  2tXX) 
km  or  greater. 

4  Once  formed,  the  patch  drifts  eastward  wirh  velucities 
ranging  from  100  to  2(X)  m/s. 

5.  The  patch  duration  as  measured  by  scintillation  tech¬ 
niques  is  known  to  be  greater  than  2'/>  h;  individual  patches 
have  been  tracked  by  airglow  techniques  up  to  3  hours  where 
they  have  maintained  their  integrity  (Weber  et  al..  1978), 
Effects  have  been  seen  over  8  h. 

Studies  of  the  variation  in  electron  content  in  the  patches 
have  been  made  by  measuring  the  change  in  relative  phase 
between  the  two  characteristic  waves  (ordinary  and  extra¬ 
ordinary  mixles)  with  polarinieters.  It  is  found  that  the  patches 
are  regions  of  depletion  in  electron  content.  While  the  elec¬ 
tron  content  depictions  are  found  to  be  only  of  the  order  of 
20'){-,  the  satellite  in  situ  data  may  indicate  density  depletions 
as  large  as  two  or  three  orders  of  magnitude  at  one  fixed 
altitude.  In  a  strong  irregularity  environment,  however,  fast 
fluctuations  in  polarization  arc  often  obtained.  Lee  ct  al. 

1 19821  have  shown  that  scattermg  suffered  by  each  char¬ 
acteristic  wave  may  induce  fast  polarization  fluctuations  and 
obtained  expressions  for  the  variance  of  these  fluctuations 
for  irregularities  with  Gaussian  and  power  law  type  spectra. 

10.7.8,2  Variation  of  Scintillation  Activity.  A  variety 
of  observatories  used  data  taken  over  the  same  tiine  period 
to  compare  scintillation  activity  at  250  MHz  (.Aarons  ct  al.. 
I980b|  One  set  of  data  was  taken  at  Huancayo.  Peru.  N.ital. 
Brazil,  and  Accra.  Ghana  with  all  observations ' made  at 
elevation  angles  greater  than  20^  and  with  distance  between 
the  most  separated  stations  about  70''  of  longitude;  a  map 
of  biith  geographical  and  magnetic  csKirdinates  is  shown  on 
the  right  side  of  Figure  10-67. 

A  second  comparison  of  data  at  250  MHz  was  made 
between  observations  from  Huancayo  and  from  Guam.  The 
data  arc  shown  in  Figure  10-68;  activity  minima  iKcur  from 
May-July  in  Huancayo  and  from  November-January  in  Guam. 
The  conclusion  is  that  the  occuirence  patterns  are  longitu¬ 
dinally  controlled. 

It  should  be  noted  that  in  general  maximum  intensity 
occurs  in  the  equinoctial  months.  This  can  best  be  illustrated 
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Figure  Pcrccniagc  occurrence  of  1.5  GHz  scintillation  ^  2  dB 

during  Apr  1976-Ocl  1977. 

by  the  (xrcurrence  of  L  band.  1500  MHz  activity,  at  Huan¬ 
cayo.  Peru.  That  evidence  is  shown  in  Figure  10-69  [Basu 
et  al..  1980bi  L-band  activity  at  Huancayo  does  not  .suffer 
from  strong  scattering  or  from  saturation  (as  does  136  MHz 
and  250  MHz.  data  on  iv'casion);  the  data  show  clear  equin- 
(Ktial  maxima. 

From  available  data  it  appears  as  if  geomagnetic  control 
of  the  (Kcurrence  of  scintillation  varies  with  longitude.  The 
generalization  can  be  made  that  increased  magnetic  activity 
.inhibits  scintillation  activity  before  midnight — except  dur¬ 
ing  those  months  with  very  low  scintillation  activity  (May-July 
for  the  region  (0°-7()°W)  and  November-January  in  the 
Pacific  longitudes  ( I3.5°-I80°E).  After  midnight  the  scin¬ 
tillation  activity  in  general  increases  slightly  with  the  pres¬ 
ence  of  magnetic  storms.  The  data  shown  in  Figures  10-70 
and  10-71  are  for  a  year’s  observation  in  each  case.  The 
complexities  of  the  magnetic  control  of  scintillation  iKcur- 
rence  arc  illustrated  by  the  variations  in  the  curves  of  ck- 
.  ciaTenec  at  each  station  in  each  season.  For  further  details 
see  Mullen  (1 973), 

,  10.7.8.3  In-Situ  Data.  Basu  and  Basu  (I980|  have  de¬ 
veloped  a  model  from  in  xiiii.  theoretical,  and  scintillation 
studies.  In  their  morphological  model  of  .scintillations,  in 
'  situ  measurements  of  irregularity  amplitude.  AN/N.  as  com¬ 
puted  Irom  T  secs  of  data  arc  utilized  in  conjunction  w  ith 
simultaneous  measurement  of  electron  density  N.  A  com¬ 
bination  of  AN/N  and  N  data  provides  the  required  AN 
parameter  as  a  function  of  position  and  time. 

10.7.8.4  Sunspot  Cycle  Dependence.  From  the  view¬ 
point  of  electron  density  variations,  the  equatorial  region 
around  the  magnetic  equator  displays  a  complex  pattern 
During  the  day  an  increase  in  maximum  electron  density 
(Kcurs  away  from  the  equator.  The  electron  density  contours 
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6  dB  (54  =  0.3)  at  250  MHz  for  very  quiet  (Kp  -  0  -  I  ‘ )  and  for  disluiBcd 


Figure  10-70.  Seasonal  patterns  of  occurrence  of  scintillation  activity  > 
(Kp  =  3  '  -  Ol  magnetic  conditions  for  Nov  -Apr. 

display  a  distinct  trough  ol'electron  density  in  the  hottoniside 
and  topside  ionosphere  at  the  magnetic  dip  equator  with 
crests  of  ionization  at  ±  15'^-  20“^  north  and  south  dip  lati¬ 
tudes.  this  is  the  Appleton  anomaly  w  ith  the  regian  within 
±  5’  dip  latitude  of  the  magnetic  equator  termed  the  elec¬ 
trojet  region. 

From  the  solar  cycle  minimum  in  N74  and  maximum 
in  IW)  1970,  Aarons  |  |977j  found  that  there  was  a  higher 
tx'currence  of  deep  scintillations  during  a  year  of  high  solar 
flux  than  during  a  year  w  ith  low  solar  flu<  for  observations 
at  both  .-\ccra.  Ghana  and  !  luancayo,  Peru. 

Recent  observations  of  I,  band  scintillations  from  both 
M.ARIS.AT  and  GPS  during  the  period  of  maximum  solar 
tlux  (I979-I9K1)  iDasGupta  et  al..  l9Si|  have  revealed 
that  scintillation  intensities  maximize  in  the  Appleton  anom¬ 
aly  region  rather  than  near  the  magnetic  equator. 

The  conclusion  in  the  study  I.Aarons  et  al..  l9Kla|  was 
that  the  intense  scintillation  activity  during  years  of  high 
solar  flux  are  due  to  two  factors: 


1 .  The  equatorial  anomaly  has  considerably  higher  elec¬ 
tron  density  values  in  high  sunspot  number  years  than  in 
years  of  low  solar  activity. 

2.  The  occurrence  of  maximum  electron  density  for 
anomaly  latitudes  is  near  sunset  in  the  years  of  high  sunspot 
number  and  in  the  afternoon  in  years  of  low  solar  activity  . 
Thus  the  post  sunset  irregularity  patches  attain  high  AN 
levels  in  the  years  of  high  sdlar  Ilux. 


10-7.9  Middle  Latitude  Scintillation 

The  middle  latituele  scintillation  activity  is  not  as  intense 
as  that  encountered  at  equatorial,  auroral  or  polar  latitudes. 
However,  activity  may  reach  levels,  primarily  at  VHP  and 
IIHF.  that  will  increase  erri'r  rates  of  systems  w  ith  low  fade 
margins.  The  reader  is  referred  to  Aarons  |  I9X2|  and  Bram- 
le\il974|. 
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Figure  10-71.  Seasonal  pallems  of  (K'currencc  of  scinlillalion  activity  >  6  dB(S4  =  0..1)  for  very  quiet  iKp  =  0  -  I' land  for  disturbed  (Kp  =  .V  -  di 
magnetic  conditions  for  May-()ct. 


10.7.9.1  Effect  of  Magnetic  Index  on  Midiatitude 
Scintillation.  At  latitudes  below  the  auroral  oval,  various 
sets  of  data  have  yielded  behavior  indicating  little  correlation 
with  magnetic  conditions.  Evans  |I973|  found  no  correla¬ 
tion  of  their  400  MHz  radar  scintillations  with  magnetic 
index  south  of  their  station  at  56°  invariant  latitude.  Aarons 
and  Martin  |I975|  found  that  during  tiie  August  4-10.  1972 
magnetic  storms  there  was  a  negative  correlation  of  scin¬ 
tillation  and  magnetic  index  for  Athens,  Greece  and  Camp 
Parks.  Caliu  mia  and  little  correlation  at  the  45°  invariant 
latitude  intersection  for  Aberystwyth,  Wales.  Braniley  |I974| 
found  that  except  for  the  December  1971  magnetic  storm 
(when  the  irregularity  region  probably  encompassed  the  in¬ 
tersection  point  of  '-45°).  there  was  no  correlation  between 
magnetic  activity  and  scintillations. 

This  type  of  data  essentially  corroboratev  the  early  radio 
star  obvservations  in  the  U  K  which  found  little  correlation 
with  magnetic  index  except  in  paths  to  the  north  (with  the 
exception  of  some  intense  magnetic  storms). 


10.7.10  The  High  Latitude  Region 

Figure  10-72  depicts  the  intensity  of  scintillation  at  high 
latitudes  in  a  very  broad  manner  for  the  period  of  time 
around  midnijihl. 

10.7. 10. 1  The  Plasmapau.se  and  the  Trough.  The  pres¬ 
ent  evidence  is  that  there  is  a  boundary  at  the  high  latitudes 
vhcrc  weak  irregularities  commence.  It  is  probably  a  few 
degrees  cquatorwards  of  the  plasmapause.  between  45°-55° 
Corrected  Geomagnetic  Latitude  (CGL),  the  system  used  at 
high  latitudes  in  this  review. 

At  night  a  trough  or  region  of  low  electron  density  and 
total  electron  content  exists  between  the  end  of  nonnal  ion¬ 
ospheric  plasma  behavior  and  the  auroral  region  where  en¬ 
ergetic  electron  precipitation  and  current  systems  are  dom¬ 
inant  factors  in  producing. both  the  normal  ionospheric  layers 
and  the  irregularities.' 

All  observers  of  irregularities  see  a  dramatic  change  in 
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lautuoe 

Figure  10-72.  Depiction  of  high  latitude  irrcgulantits  ~22-02  LT,  Sheet¬ 
like  irTegularitic>  are  seen  in  the  aumral  oval,  rod  itregu- 
larilie..  at  higher  and  lower  latitudes. 

irregularities  in  the  auroral  oval  at  the  poleward  edge  of  the 
trough.  In  the  auroral  oval,  the  intensity  of  scintillations  is 
a  function  of  local  magnetic  .tctivity .  Poleward  of  the  aurora 
there  may  again  be  a  loweriog  of  scintillation  activity  until 
the  observing  path  transits  the  polar  region  [Aarons  et  al., 
I98lb| 

10.7.10.2  Auroral  Scintillations.  From  studies  of  radio 
star  and  low  altitude  satellite  scintillations,  a  series  of  height 
measurements  have  pointed  to  F  layer  heights  as  the  primary 
seat  of  the  irregularities  producing  the  signal  fading. 

Maximum  irregularity  intensity  appears  above  the  region 
showing  maximum  intensity  aurora  (Martin  and  Aarons, 
1977|.  Vickrey  et  al.  |I98()|  have  shown  that  there  is  a 
colUKation  of  sciniillation  patches  in  the  auroral  oval  and 
F  region  ionization  enhancements. 


MEAN  SC  'tTiki-AT'CN  INDEX  fc^> 
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Figure  10-73.  Contours  of  monthly  mean  sciniillation  index  in  dB  a-  137 
MH/  as  a  function  of  liKal  lime  for  quiet  conditions  (Kp  = 
0  —  3)  oblained  at  Narssarssuaq  during  1%H  1974 
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Figure  10-74.  ConlDurs  of  monthly  mean  Ncintillation  index  in  dB  at  137 
MHz  as  a  function  of  liK-al  time  for  disiurbcd  (Kp  = 
4-9)  magnetic  conditions  obtained  at  Narssarssuaq  dur¬ 
ing  1968-1974. 

Perhaps  the  most  consistent  studies  of  long  term  behav¬ 
ior  of  scintillations  have  been  made  in  the  auroral  zone,  at 
Alaskan  longitudes  and  along  the  70°W  meridian. 

Both  the  diurnal  pattern  of  scintillation  activity  and  the 
seasonal  behavior  as  observed  from  one  site  can  be  noted 
in  Figures  10-7.^  and  10-74.  The  data  used  for  this  long 
term  .study  (Basu  and  Aarons.  1980]  were  taken  over  a 
period  of  6  years  from  Narssarssuaq  by  observing  137  MHz 
scintillations  of  the  ATS-3  beacon,  the  propagation  path 
traversed  the  ionosphere  at  —63'’  CGL. 

The  long  term  study  used  for  Figure  10-75  incorporated 
data  front  three  observatories  'Narssarssuaq.  Greenland;  Goose 
Bay,  Labradt»r;  and  Sagamore  Hill.  Massachusetts).  The 
contours  arc  of  reduced  data  for  one  season  (May-July)  for 
magnetically  active  pcriixJs  of  time  [Rasu  and  Aarons,  I9"0|. 
The  boundary  of  active  scintillation  is  pushed  cquatorwards 
extending  into  what  was  the  quiet  trough  and  plasmapause 
latitudes.  Thus  during  magnetic  storms  scintillations  and 
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Figure  10-75.  Variation  of  mean  scintillation  index  during  the  northern 
solstice  in  dB  at  137  MHz  with  Iwal  time  and  invariant 
latitude  derived  from  hourly  data  at  the  3  .stations  under 
disturbed  magnetic  conditions  (Kp  =  4  -  9). 
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GEOMETRICAL  ENHAHCEMENT  FACTOR  FOR  PHASE  (8:S:I) 
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Figure  10-76.  Mixle!  compulations  of  phase  geomcirical  enhancement 
factor  for  sheet-like  structures  with  an  8  :  8  :  I  anisotropy. 
Because  of  the  meridional  pass  traieclory,  the  kvalion  of 
the  enhancement  is  independent  of  the  pass  elevation. 
(Kino  and  Dwi'ti  IQH0| 

optical  auroia  can  be  noted  farther  south  than  55°.  In  the 
70°W  longitude  region  this  extends  below  the  latitude  of 
Boston. 

Geometry'  and  Enhaiieemetii.  Sheet-like  irregularities 
prtxluee  strong  enhancements  when  observations  arc  made 
in  specific  directions.  For  two  sites  in  Alaska.  Rino  and 
Owen  119801  have  constructed  the  theoretical  geometrical 
enhancement  factor  for  rms  phase  fluctuations  for  an  8:8: 1 
irregularity  (Figure  10-76)  [Rino  and  Matthews.  1980).  They 
found  this  enhancement  in  phase  fluctuations  -..s  can  he  seen 
by  the  data  in  Figure  10-77.  The  amplitude  enhancement, 
less  dramatic  hut  present,  is  also  shown  in  Figure  10-77. 
Daytime  scintillation  dties  not  show  the  sheet-like  stnic- 


Figurc  lfl-77,  RMS  plijcc  iirul  S.  at  .SO't  cxccodancc  level  vs  magnelie 
latitude  tor  mehitiine  data  during  IU77  I9i8. 
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Figure  10-78.  S4  at  SO'K  exceedance  level  vs  magnetic  latitude  for  daytime 
data  during  IV77-I978. 


ture — at  least  as  observed  from  Alaska.  Figure  10-78  illus¬ 
trates  the  daytime  increase  with  increasing  latitude. 

10.7.10.3  Polar  Scintillations.  A  long  term  consistent 
series  of  measurements  has  been  taken  at  Thule,  Greenland 
with  observations  at  250  MHz  (Aarons  et  al..  198lb|.  The 
scintillations  for  this  study  ranged  from  very  low  values  of 
3-6  dB  peak  to  peak  on  occasion  during  a  period  of  low 
sunspot  number  to  saturation  fading  of  28  dB  peak  to  peak 
for  hours  during  winter  months  of  years  of  high  sunspot 
number. 

One  set  of  measurements  was  taken  between  April  and 
October  1975.  During  this  period  of  low  solar  activity,  there 
was  an  absence  of  strong  scintillation  activity  to  such  an 
extent  that  only  the  (K'currence  of  scintillation  greater  than 
6  dB  could  be  plotted.  Figure  10-79  shows  the  contrast 
between  the  1975  period  when  solar  flux  was  low  (10.7  cm 
flux  was  ~75)  and  the  same  months  in  1979  when  the  solar 
flux  was  high  (-1.50-225). 

A  contour  plot  of  the  percent  tKCurrencc  of  scintillation 
index  greater  than  10  dB  is  shown  in  Figure  10-80.  The 
plot  was  developed  from  htiurly  average  values  of  the  15 
minute  SI  for  each  month  for  low  magnetic  activity  (Kp  =  0- 
3).  Two  patterns  emerge:  (I)  Maximum  tKCurrence  of  ac¬ 
tivity  takes  place  in  the  months  of  little  or  no  sunlight  at  F 


t'lgurc  10.7V,  Pcp.'cntjgc  ivcurrcncc  ol  vcintilluiion  greater  than  6  dB  fvr 
low  M'lar  Ilux  pcriiid  .’Xpril  Octolvt  IV7,S  i\  contrasted  with 
that  tor  high  solar  Ilux  period  .\pril  -(Ktoher  IV7V  for  both 
quiet  and  disturbed  magnetic  conditions. 
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of  subvisual  F  layer  (\  =  6300  A  01)  polar  cap  arcs.  Kil¬ 
ometer-size  irregularities  within  the  arcs  produced  intense 
(saturated)  amplitude  scintillation  at  230  MHz  as  the  arcs 
drifted  through  a  satellite  to  ground  ray  path.  Outside  the 
arcs,  .scintillation  frequently  persisted  at  a  lower  level  (SI 
~  6dB). 

A  pictorial  representation  of  both  the  small  scale  anti- 
sunward  irregularity  drift  and  the  patch  motion  (predomi¬ 
nantly  dawn  to  dusk)  is  shown  in  Figure  10-81  (E.  Weber, 
private  communication).  Results  point  to  two  irregularity 
components  in  the  polar  cap;  antisunward  drifting  irregu¬ 
larities  which  produce  a  background  level  of  weak  to  mod¬ 
erate  scintillation  and  intense  irregularities  within  F  layer 
polar  Cap  ares  that  produce  more  discrete  (~1  h  duration) 
intense  scintillation  events  as  the  arcs  drift  tlirough  the  ray 
path. 


Fgure  10-80.  Contour  plot  of  diurnal  i-attem  of  monthly  percent  occur¬ 
rence  of  scintillation  greater  than  10  dB  for  low  magnetic 
activity  (Kp  -  0  -  31.  Observations  were  taken  during 
Ma.  1979-Feb  1980. 


10.7.11  Empirical  Model  Of  Global 
Scintillation  Behavior 


region  heights.  Much  lower  scintillation  occurrence  takes 
place  in  the  sunlit  months.  (2)  The  diurnal  variation  is  weak, 
and  apparent  only  during  the  winter  months. 

Auroral  arcs  in  the  polar  cap  are  approximately  aligned 
with  the  ncKin-midnight  magnetic  meridian  [Davis.  I962|. 
These  arcs  generally  drift  in  the  dawn  to  dusk  direction 
[Danielson.  1%9[;  however,  reversals  have  been  noted 
[Akasofu.  1972;  Weber  and  Buchau,  1981 1.  Recently  We¬ 
ber  and  Buchau  [  1981 1  described  the  orientation  and  motion 


Figure  10-81 .  Schemalic  of  small  scale  ann-sunward  ira’gularity  drift  and 
the  patch  motion. 


10.7.11.1  WBMOD.  Over  a  period  of  years,  starting  from 
available  data  and  from  weak  scintillation  theory,  a  model 
of  scintillation  termed  WBMOD  has  been  developed  [Fre- 
mouw  and  Bates.  1971;  Fremouw  and  Lansinger,  1981; 
Fremouw  and  Rino.  1978,  1976;  Fremouw,  1 980;  Fremouw 
etal..  1977].  The  program  provides  for  phase  and  amplitude 
information.  Input  user  parameters  include  frequency,  lo¬ 
cation.  local  time,  sunspot  number,  and  planetary  magnetic 
index.  Kp.  The  user  also  must  specify  the  longest  time  the 
system  needs  phase  stability.  Scintillation  indices  are  the 
output.  A  model  of  the  irregularity  drift  velocity  is  contained 
in  the  program. 

Program  WBMOD  permits  a  user  to  specify  his  oper¬ 
ating  scenario.  The  code  returns  the  spectral  index  p  for 
power-law  phase  scintillation,  the  spectral  strength  param¬ 
eter  T.  the  standard  deviation  ct*  of  phase,  and  the  intensity 
scintillation  index.  Sj.  as  functions  of  a  changing  indepen¬ 
dent  variable  chosen  by  the  user. 

The  descriptive  irregularity  model  is  based  on  numerous 
t^sen'atibns  [Fremouw  and  Bates.  197!;  Fremouw  and  Rino. 
1978).  but  most  particularly  on  observations  of  phase  scin¬ 
tillation  performed  in  the  DN.^  Wideband  Satellite  Exper¬ 
iment  [Sagalyn  et  al..  1974].  The  most  significant  caveat 
about  use  of  WBMOD.  however,  is  that  it  has  been  cali¬ 
brated  quantitatively  against  Wideband  data  from  only  a 
single  .station  in  the  northern  auroral  zone  (Poker  Flat.  Alaska). 
The  descriptive  model  was  developed  by  iterative  compar¬ 
ison  with  most  of  the  Wideband  data  population  from  Poker 
Flat,  w  ith  a  portion  of  the  population  reserved  for  final 
comparative  tests. 

The  basic  calculations  are  made  of  two  central  quantities 
T  and  p  T  is  the  spectral  strength  of  phase  at  a  fluctuation 
frequency  of  1  Hz.  p  is  the  power-law  spectral  index  of 
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phase;  T  is  highly  variable,  unlike  p.  The  program  calculates 
T  and  p  and  the  two  commonly  used  indices  of  scintillation 
activity  based  on  them,  one  for  phase,  a*,  and  one  for 
intensity.  S4. 

In  order  to  calculate  T,  p,  cr^,,  and  S4,  one  must  have 
values  for  eight  parameters  describing  ionospheric  irregu¬ 
larities.  They  are  (1)  the  height,  h;  (2)  vector  drift  velocity, 
Vj,  of  the  irregularities;  (.^)  an  outer  scale,  a;  (4,5, 6,7)  four 
“shape"  parameters  describing  the  irregularities’  three-di¬ 
mensional  configuration  and  spatial  “sharpness",  a,  b.  8. 
and  v;  and  (8)  the  height  integrated  strength  of  turbulence. 
C,L.  Program  WBMOD  contains  models  for  the  foregoing 
eight  parameters,  but  the  degree  of  detail  is  very  much  less 
for  some  than  for  others. 

The  .most  variable  and  the  most  important  of  the  eight 
is  the  height-integrated  strength  of  turbulence,  CX-  The 
irregularity  strength  is  modeled  by 

VCX  =  E(\„,.\,,T.D,R)  -I-  M(X„,T) 

+  H(X„„T,„.Kp.R)  (10.68) 

where  X^  -  geomagnetic  invariant  latitude, 

Xj,  =  geographic  latitude, 

T  =  local  meridian  time. 

D  =  day  of  the  year. 

R  =  smoothed  Zurich  sunspot  number, 

T,„  =  geomagnetic  time. 

Kp  =  planetary  geomagnetic  activity  index. 

The  three  terms  in  Equation  (10.68)  respectively  describe 
the  strength  of  equatorial,  midlatitude,  and  high-latitude 
irregularities.  The  first  two  have  not  been  tested  extensively 
against  Wideband  data  but  the  high  latitude  term  H  has  been. 

The  liigh-iatitude  term  is  based  on  the  observation  that 
there  often  is  a  more-or-less  abrupt  boundary  1  Aarons  et  al.. 
1969|  between  the  midlatituije  region  of  relatively  smixith 
ionosphere  and  the  highlatitude  scintillation  region.  It  is 
located.  Typically,  equatorward  of  discrete-arc  auroras  in 
the  general  vicinity  of  the  diffuse  auroral  Ixiundary  . 

10.7.11.2  Formulas  In  Atlantic  Sector.  Since  WBMOD 
has  been  developed  and  calibrated  against  data  from  only 
one  longitude  sector  (Alaska),  it  is  appropriate  to  note  em¬ 
pirical  formulas  that,  though  not  as  complex,  have  been 
developed  for  another  longitude  sector,  along  the  70°W 
meridian.  These  formulations  have  been  made  [Aarons  et 
al..  I980aj  for  Narssarssuaq.  Greenland.  Goose  Bay,  La¬ 
brador  and  Sagamore  Hill.  Massachusetts  based  on 
years  data  base  of  15-min  scintillation  indices.  Ihe  forcing 
functions  arc  time  of  day.  day  of  Ihe  year,  magnetic  index 
and  solar  flux.  Hr)\vevcr.  these  individual  models  are  much 


more  limited  than  WBMOD  as  (1 )  they  are  applicable  only 
for  the  frequency  of  the  data  base,  137  MHz.  (2)  there  is 
an  equipment-bia.sed  limited  excursion  of  the  scintillations 
and.  (3)  these  data  have  an  implicit  dependence  on  the 
geometry  of  the  observations,  namely,  observing  ATS-3 
from  the  stations  detailed  above.  This  does  not  permit  other 
viewing  geometries  or  taking  into  consider;  tion  the  config¬ 
uration  of  the  irregularities  unless  correcting  factors  are 
included. 

With  these  caveats,  the  equations  for  each  station  are 
Narssarssuaq  (6.3°  CGL  intersection) 


SI(dB)  =  -6.4  -I-  9.2(1  -  0.2FD){1  -b  0.23(1  -  0.3FD) 
X  cos  (HL  -I-  2.0.  +  0.34Kp)  +  0.03 
Xcos  j2(HL  -  0.6)1  +  0.02  cos  [3(HL 

+  3  0)1)2’”  fO  I2FD»  +  0  09A»(I  +  I.76H>1| 

FD  =  cos  (DA  -b  15.6)  -b  0.56  cos  [2(bA  -  ?2.4)) 

(10.69a) 


Goose  Bay  (60°  CGL  intersection) 

SI(dB)  =  -1.3  -b  1.1(1  -  0.77FD){I  -b  0.5(1  -  0.2FD) 
X  cos(HL  -b  2.1  -  0.6Kp)  -b  0.06 
X  cos  |2(HL  -  2.1)1  -b  0.02  cos  |3(HL 

-b  5  2)|}'>i" 'Kpi 1 4 0  iM)i  +  (> sAsii  + 1  :n>ii 

FD  =  cos  (DA  +  0,5)  -b  0.2  cos  |2(DA  -  99)| 

(10.69b) 

Sagamore  Hill  (53°  CGL  intersection) 

SI(dB)  =  0.33  -b  0.02(1  b  0.2FD){1  -b  1.2(1  -  O.OIFD) 
X  cos  (HL  -  0.4  -  0.15  Kp)  -b  0.3 
X  cos  [2(HL  -  0.8)1  -  O.I  cos  [.3(HL 

+  6  |)]}2’” lAsd  -  0  2FD)| 

FD  =  cos  (DA  -b  .56)  -b  0.7  cos  12(DA  -  143)|. 

(I().69c) 


DA  is  day  number.  As  =  S,/I00.  HL  is  local  time  (hours) 
at  .subionospheric  point  (350  km),  and  S,  is  solar  flux  at 
2695  MHz  in  solar  flux  units;  all  angles  are  in  radians. 
Arguments  of  the  cosines  with  diurnal  and  yearly  terms 
should  be  converted  by  factors  of  2Tr/24  and  2-.T/365,  re¬ 
spectively. 

In  Aarons  el  al.  |198()al  corrections  for  frequency  de¬ 
pendence  are  given  thus  allowing  higher  frequency  scintil¬ 
lations  to  be  estimated.  In  addition,  corrections  for  geometry 
are  also  given  similar  to  those  cited  in  Section  10.7.3. 1 . 
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10.8  IONOSPHERIC  TIME  DELAY 

efEects  on  earth-space 

PROPAGATION 

Ore  of  the  most  important  effects  of  the  ionosphere  on 
radio  waves  that  traverse  it  is  a  retardation,  or  group  delay, 
on  the  modulation  or  information  carried  on  the  radio  wave, 
due  to  its  encounter  with  the  free,  thermal  electrons  in  the 
earth’s  ionosphere.  Other  effects  the  ionosphere  has  on  radio 
waves  include  (I)  RF  carrier  phase' advance  (2)  Doppler 
shift  of  the  RF  carrier  of  the  radio  wave  (3)  Faraday  rotation 
of  the  plane  of  polarization  of  linearly  polarized  waves  (4) 
angular  refraction  or  bending  of  the  radio  wave  path  as  it 
travels  through  the  ionosphere  f  S)  distortion  of  the  waveform 
of  transmitted  pulses,  and  (6)  amplitude  and  phase  scintil¬ 
lation.  With  the  exception  of  scintillation  effects  (see  Sec¬ 
tion  10.7),  all  the  other  effects  listed  here  are  proportional, 
at  lea.st  to  .Irst  order,  to  the  total  number  of  electrons  en¬ 
countered  by  the  wave  on  its  passage  through  the  ionosphere 
or  to  their  time  rate  of  change.  In  fact,  phase  scintillation 
also  is  merely  the  short  term,  time  rate  of  change  of  total 
electron  content  (TEC)  after  the  longer  term  variations  have 
been  removed. 

In  this  section  a  short  description  is  given  of  each  iono¬ 
spheric  TEC  effect  upem  radio  waves,  along  with  a  repre¬ 
sentative  value  of  the  magnitude  of  each  of  the  these  effects 
under  normal  ionospheric  conditions.  This  is  followed  by  a 
discussion  of  the  important  characteristics  of  average  io¬ 
nospheric  TEC  behavior  and  the  temporal  and  spatial  vari¬ 
ability  of  TEC. 

10.8.1  Group  Path  Delay 

The  additional  time  delay,  over  the  free  space  transit 
time,  of  a  signal  transmitted  from  above  the  ionosphere  to 
a  user  on,  or  near,  the  earth's  surface  is  given  by 

.  40.3 

At  =  — :r  X  TEC  (s).  (10.70) 

ct" 

where  the  TFC  is  the  total  number  of  electrons  along  the 
path  friim  the  transmitter  to  the  receiver,  c  is  the  velocity 
of  light  in  m/see..  and  f  is  the  system  operating  frequency 
in  hertz.  The  TEC  is  generally  expressed  as  the  number  of 
electrons  in  a  unit  cross  section  column  of  one  square  meter 
area  along  this  path. 

A  plot  of  time  delay  versus  system  operating  frequency 
for  TEC  values  from  10'''  to  10''’  el/m’  is  given  m  Figure 
10-82.  These  two  values  represent  the  extremes  of  observed 
TEC  in  the  earth’s  ionosphere.  Note  that,  at  a  system  op¬ 
erating  frequency  of  I  GHZ.  for  example,  a  TEC  of  10"*, 
a  value  trequeiitly  exceeded  in  many  parts  of  the  world, 
would  produce  a  time  delay  of  134  ns  or  40.2  m  of  range 
eaor.  At  a  system  oiierating  frequency  of  1(K)  MHz  this 
same  TEC  values  would  produce  a  range  error  of  over  4 
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Figure  10-82.  Time  delay  vs  frequency  for  various  values  of  TEC. 


km!  Obviously,  the  TEC  parameter  is  of  potentially  great 
importance  to  precision  satellite  ranging  systems. 

10.8.1. 1  Two-Frequency  Ionospheric  Time  Delay 
Corrections.  If  the  navigation  or  ranging  system  band¬ 
width  is  large  enough  so  that  two,  fairly  widely  spaced  bands 
can  be  used  for  ranging,  the  ionospheric  time  delay  error 
can  be  reduced  to  an  acceptable  level  automatically  and  can 
be  made  transparent  to  the  system  user.  Because  the  io¬ 
nospheric  time  delay  is  a  function  of  frequency  we  can  write: 

At,  =  4  X  TEC  .  At.  -4:  =  x  TEC.  (10.71) 
efi  ■  cfl 

where  At,  is  the  ionospheric  error  on  frequency  f,.  and  Atj 
is  the  ionospheric  error  on  the  frequency  f..  If  the  normal 
system  operational  frequency  is  f,  and  we  choose  f.  at  a 
lower  frequency  for  ionospheric  correction  purposes,  we 

obtain:  5(At)  =  -  x  TEC  (1/fs  -  1/f;) 

c 

=  At,  (fj  -  Is)/  fs  (10.72) 

or. ,  At,  =  fi/(ff  -  fs)  X  5(At) 

The  value  8(At)  is  obtained  from  the  difference  of  the  si¬ 
multaneous  measurements  of  the  total  range,  including  ion¬ 
ospheric  time  delay,  at  the  two  frequencies,  f,  and  f.,  since 
the  geometric  distance  is,  of  course,  the  same  at  all  fre¬ 
quencies.  The  quantity  fs/ (ff  -  i’t)  is  called  the  ionospheric 
scaling  factor.  For  ratios  of  f./f,  near  unity,  the  required 
precision  of  the  differential  measurement  may  be  unreason¬ 
ably  large.  A  plot  of  this  quantity,  normalized  by  f, .  is  given 
in  Figure  10-83.  In  this  derivation  the  contribution  of  re- 
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Figure  IO>83.  Ionospheric  scaling  factor  vs  ratio  of  primary  (higher)  to 
secondary  (lower)  frequency. 


ceiver  noise  to  the  dilierential  measurement  accuracy  has 
not  been  considered. 

iO.8.1.2  An  Example  of  a  Two*Frequency  Ionospheric 
Time  Delay  Svstem.  The  Deoartment  of  Defense  is  cur¬ 
rently  testing  an  advanced  navigation  system,  called  the 
NAVSTAR-Global  Positioning  System  (GPS).  (Demaro. 
1981;  Milliken  and  Zaller,  1978|  which  uses  coherently 
derived,  identical  modulation  on  two  carrier  frequencies, 
called  LI  and  L2.  to  measure  the  ionospheric  group  path 
delay  directly  and  thereby  correct  for  ionospheric  time  de¬ 
lay.  The  ratio  of  frequencies  used  it.  the  GPS  system  is 
exactly  154/120.  with  the  higher  frequency  (LI)  at  1575 
MHz.  The  two  carrier  frequencies  transmitted  by  the  GPS 
system  are  the  !54th  and  !20ih  harmonics  of  10.23  MHz. 
This  10  MHz  frequency  is  bi-phase  modulated  on  both  car¬ 
riers  with  a  psuedo  random  code  resulting  in  a  ((sin  x)/x  (’ 
shaped  spectrum  of  -vidth  20  MHz  to  the  first  nulls.  A  user 
with  knowledge  of  the  transmitted  code  collapses  the  re¬ 
ceived  spectrum  to  equivalent  carriers  with  10  MHz  mtxl- 
ulation.  The  10  MHz  modulation  is  transmitted  with  a  known 
phase  difference  on  the  two  carriers,  and  the  received  nuxl- 
ulation  phase  difference  is  a  direct  measure  of  the  ionos¬ 
pheric  group  path  delay. 

For  the  GPS  carrier  and  modulation  frequencies  the  ion¬ 
ospheric  group  path  delay  at  frequency  LI .  as  obtained  from 
Equation  10.73  is 

At,  =  -  1.5457  8( At),  (10.73) 

where  8(At)  is  the  difference  between  the  ionospheric  time 
<lelay  measured  at  the  two  frequencies.  This  difference  in 
range  is  directly  related  to  absolute  ionospheric  time  delay 
as.  of  course,  the  satellite  is  at  the  same  range  at  both 
frequencies.  The  only  frequency  defieiident  parameter  in 
range  measurements  is  the  ionospheric  time  delay  effect. 
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assuming  the  satellite  transmitted  modulation  phase  at  Li 
and  L2  is  known  and  the  receiving  system  frequency  dis¬ 
persive  characteristics  can  be  independently  measured  and 
corrected  for. 

For  a  typical  daytime  high  solar  activity  TEC  value  of 
10"*  el/m’  column  the  8(At)  meas  ired  by  a  GPS  receiver 
would  be  35  ns  or  10.5  m  of  ionospheric  ernr.  For  a  direct 
measure  of  absolute  TEC  from  the  modulation  phase  delay 
at  L2  minus  LI  we  have 

TEC  =  2.852  X  10’''  x  8(Af),  ■  (10.74) 

where  8(At)  is  measured  in  nanoseconds  (ns).  Since,  at 
10.23  MHz.  one  complete  cycle  of  modulation  phase  of 
360°  Ls  97.75  ns.  we  obtain  TEC  =  0.7745  x  10'°  el/m= 
per  degree  of  10.23  MHz  modulation  phase  difference,  or: 
TEC  =  278.8  X  l0'°  el/m’ per  cycle  of  modulation  phase 
difference.  Thus,  the  cycle  ambiguity  in  absolute  values  of 
TEC  is  trivial  to  resolve  using  the  GPS  system  as  a  means 
of  determining  ionospheric  time  delay. 

Absolute  ionospheric  time  delay  measurements  can  be 
made  with  an  accuracy  approaching  1  to  2  ns.  depending 
upon  the  received  signal  to  noise  ratio  on  both  frequencies. 
For  the  power  levels  transmitted  by  the  GPS  satellites,  an 
omnidirectional  receiving  antenna,  and  a  receiver  with  a 
modulation  tmeking  bandwidth  of  approximately  15  Hz,  the 
differential  modulation  phase  has  been  measured  to  within 
approximately  ±  2  ns.  The  contribution  of  receiver  noise 
for  the  two-frequency  ionospheric  time  delay  corrections  on 
the  GPS  .system  has  been  considered  by  Cretcher  (1975). 


10.8.2  RF  Carrier  Phase  Advance 

In  addition  to  group  path  delay,  or  modulation  time 
delay,  over  the  free  space  delay,  the  phase  of  the  carrier  of 
radio  frequency  transmissions  is  changed  by  the  ionosphere. 
The  RF  pha.se  is  advanced  with  respect  to  its  phase  in  the 
absence  of  an  it'nosphere.  This  effect  is  extremely  important 
in  determining  space  object  velocities  by  means  of  range 
rate  measurements.  The  amount  of  phase  increase  or  phase 
path  decrease  can  be  expressed  as 

I..54X  10  ' 

Ad>  =  - jT - TEC  (cycles).  (10.75) 

where  f  is  the  system  operating  frequency  in  hertz,  and  TEC 
IS  in  el/m’  column.  In  practice,  the  amount  of  this  phase 
advance  cannot  readily  be  measured  on  a  single  frequency 
and  two.  coherently  derived,  frequencies  are  required  for 
this  measurement. 

10.8.2.1  Differential  Carrier  Phase.  In  addition  to  the 
dual  frequency  Identical  modulation  transmitted  from'  the 
GP.S  satellites  for  ionospheric  group  path  correction,  these 
satellites  also  transmit  two.  coherently-derived  carrier  fre- 
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quencies  for  ionospheric  differential  carrier  phase  Tieasure-  Aj  <1>  =  <t>t)  ~  ~  <(>1,)  =  +  ‘hi  -  2  x  <J)^, 

ments.  For  the  pair  of  frequencies  used  by  GPS.  approxi¬ 
mately  1 .2  and  I  .b  GHz.  the  differential  carrier  phase  shift. 

referenced  to  the  lower  frequency,  is  from  equation  (10.75) 


A({> 


X  10'' 


X  TEC  (cycles). 


(10  76) 


where  m  =  f./G  =  1.283.T  Ad)  =  4.31  x  10  ’’  x  TEC 
or  2.32  X  10'*' el/m’ per  complete  21:  cycle  of  differential 
earner  phase  between  LI  and  L2.  measured  at  L2.  The 
differential  carrier  phase  lEquation  ( 10.76)|  is  related  to  the 
differential  rhixlulation  phase.  lEquation  ( 10.72)|  simply  by 
the  ratio  of  carrier  to  modulation  frequencies.  With  a  rea¬ 
sonable  carrier  signal  to  noi.se  ratio,  this  differential  carrier 
phase  can  be  measured  to  within  a  few  degrees,  or  less  than 
approximately  0.04  x  lO'*"  el/m’.  Since  the  TEC  is  gen¬ 
erally  much  greater  tl.an  2  32  X  10''’.  coaesponding  to  2it 
of  differential  carrier  phase,  there  is  a  2mr  ambiguity  in  the 
differential  phase  measurement. 

The  differential  '■•iirier  method  of  measuring  TEC  can¬ 
not.  in  practice,  be  used  to  measure  absolute  values  of  TEC 
by  itself  due  to  the  laree  2n-ir  phase  ambiguity  in  the  meas¬ 
urement.  but  this  is  not  important  for  navigation  systems 
which  require  a  .correction  only  for  range  rate  errors  due  to 
the  ionosphere  between  two  measurement  times. 

The  US  Navy  Navigation  Satellite  System.  NNSS  (Black, 
1980;  Kouba.  1983).  determines  position  for  stationary  and 
slowly  moving  vehicles  by  mea.:,uring  satellite  transmitted 
RF  i,arrier  phase  change.;  as  a.  function  of  low-orbit  satellite 
motion  across  the  sky.  This  methtxl  of  positioning  requires 
only  range  rate  information.  The  primary  NNSS  frequency 
is  400  MHz.  A  second  RF  carrier  at  150  MHz  is  used  only 
for  ionospheric  range  rate  corrections.  While  various  tech¬ 
niques  have  been  proposed  for  determining  the  absolute  TEC 
from  the  differential  carrier  phase  information  received  from 
the  NNSS  satellites  they  all  involve  assumptions  concern¬ 
ing  some  a  priori  knowledge  of  the  ionosphere,  and  they 
cannot  be  used  in  the  general  case. 

As  an  ionospheric  monitoring  tiH)|  the  combination  of 
differential  carrier  phase  and  differential  modulation  phase 
provides  an  excellent  means  of  determining  ionospheric 
electron  content  along  the  ray  path  to  the  satellite.  The 
absolute  value  of  TEC  can  be  determined  by  the  group  delay 
technique  and  relative  TEC  changes  can  be  measured  with 
great  accuracy  by  the  differential  carrier  phase  technique. 

10.8.2.2  Second  Difference  of  Carrier  Phase.  The  sec¬ 
ond  difference  in  phase  between  an  RF  carrier  and  that  of 
its  upper  and  lower  sidebands  can  be  used  to  measure  ab¬ 
solute  values  of  TEC.  as  described  by  Burns  and  Fremouw 
119701.  If  three  coherently  derived  frequencies,  f  -  f,„.  f. 
and  f  +  f,„  are  transmitted  the  second  difference  of  phase  is 
given  by 


10  ’  X  TEC  (cycles) 


thus 


2.68  X  10  ’  (^ 

flf'  -  O 


TEC  (cycles). 


When 


(10.77) 


.  ,  2.68  X  lO-’fS, 

Aj<J)  =  - - - TEC  (cycle  1. 


For  a  can  jt  frequency  of  100  MHz  a  modulation  fre¬ 
quency  of  1 .93  MHz  would  be  required  to  give  lit  of  second 
differential  phase  for  a  TEC  value  of  10'"  el/m.’  A  value 
of  Aiih  of  2-11  for  10|*  el/m’  is  a  reasonable  compromise 
between  the  requirement  for  minimizing  chances  of,  an  am¬ 
biguity  in  absolute  TEC  and  accuracy  in  measuring  TEC 
relative  changes.  The  second  difference  of  carrier  phase  has 
been  used  with  the  DNA-002  satellite  to  make  estimates  of 
the  absolute  value  of  TEC  (Freemouw  et  al.,  1978). 


10.8.3  Doppler  Shift 


Since  frequency  is  simply  the  time  derivative  of  phase, 
an  additional  contribution  to  geometric  Doppler  shift  results 
due  to  changing  TEC.  This  additional  frequency  shift  is 
generally  small  compared  to  the  normal  geometric  Doppler 
shift,  but  can  be  computed  by 


1.34  X  10’  d  „ 

- - - -  TEC  (Hz). 

f  dt 


(10.78) 


For  high  orbit  satellites  where  the  diurnal  changes  in 
TEC  are  greater  than  geometric  one!>.  an  upper  limit  to  the 
rate  of  change  of  TEC  is  approximately  0. 1  x  lO'"  el  m  ’s'*. 
This  value  yields  an  additional  frequency  shift  of  less  than 
0. 1  Hz  at  1 .6  GHz  which  would  not  be  significant  compared 
with  a  typical  required  receiver  loop  bandwidth  of  at  least 
a  lew  hertz.  At  400  MHz  a  simiiiar  rate  of  change  of  TEC 
would  produce  a  frequency  shift  of  approximately  0.3  Hz. 
probably  still  not  significant. 

During  times  of  .severe  phase  scintillation,  which  can 
occur  even  at  GHz.  frequencies,  the  TEC  likely  does  not 
change  in  a  consistent,  rapid  manner  to  yield  greater  ion- 
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ospheric  Doppler  shifts,  but  the  phase  of  the  incoming  RF 
signal  can  have  a  large  random  fluctuation  superimposed 
upon  the  changes  asswiated  with  the  normal  rate  of  change 
in  TEC.  This  large,  random  component  may  actually  spread 
out  the  spectrum  of  the  received  signal  sufficiently  to  cause 
the  receiver  to  lose  phase  lock,  as  the  receiver  signal  phase 
may  have  little  energy  remaining  in  the  carrier,  and  instead 
may  be  spread  over  several  Hz.  with  little  recognizable 
carrier  remaining.  A  knowledge  of  phase  scintillation  rates 
is  required  to  determine  the  spread  of  received  signal  phase. 

10.8.4  Faraday  Polarization  Rotation 

When  a  linearly  polarized  radio  wave  traverses  the  ion¬ 
osphere  the  wave  undergoes  rotation  of  the  plane  of  polar- 
izaition.  At  frequencies  of  approximately  100  MHz  and  higher 
the  amount  of  this  polarization  rotation  can  be  described  by; 

n  =  /  B  cos  eNdl.  ( 10.79a) 

where  the  quantity  inside  the  integral  is  the  product  of  elec¬ 
tron  density  times  the  longitudinal  component  of  the  earth's 
magnetic  field,  integrated  along  the  radio  wave  path.  Many 
ionospheric  workers  have  used  this  effect,  nanicd  for  Mi¬ 
chael  Faraday  who  first  observed  polarization  changes  in  an 
optical  experiment,  to  make  measurements  of  the  TEC  of 
the  ionosphere.  Since  the  longitudinal  magnetic  field  inten¬ 
sity  changes  much  slower  with  height  than  the  electron 
density  of  the  ionosphere,  the  equation  can  be  rewritten  as 

n  =  ^  B,  X  TEC.  (10.79b) 


Figure  10-84.  Faraday  polarization  mlalion  vs  frequency  for  various  val¬ 
ues  of  TEC. 


satellite  transponder  frequency  band,  the  amount  of  Faraday 
rotation  can  be  a  tenth  of  a  radian,  well  in  excess  of  that 
required  for  dual,  linear  ort’nogonal  channel  separation. 

The  Faraday  rotation  problem  is  overcome  by  the  use 
of  circular  polarization  of  the  correct  sense  at  both  the  sat¬ 
ellite  and  at  the  user's  receiver.  Generally  the  mobile  user 
finds  it  difficult  to  utilize  circular  polarization  due  to  the 
continual  vehicle  directional  changes;  thus  he  settles  for  a 
received  linear  polarization.  The  3  dB  loss  between  trans¬ 
mitted  circular  polarization  and  received  linear  polarization 
is  a  necessary  price  to  pay  for  user  antenna  manruverability 
and  simplicity. 


where  Bi.  =  B  cos  f)  is  taken  at  a  mean  ionospheric  height, 
usually  near  4(X)  km.  K  =  2.36  x  h)  '  and  TEC  is  /Ndl. 
Typical  values  o‘  polarization  rotation  for  northern  midla¬ 
titude  stations  vi.'wing  a  geostationary  satellite  near  their 
.station  meridian  ar*'  .^en  in  Figure  lt)-84  as  a  function  of 
system  frequent  >'  an**  total  electron  content.  In  fact,  the 
largest  fxrrtion  ot  i .‘  C  data  available  today  from  stations 
throughout  tne  wor  (\  have  come  from  Faraday  rtrtation  meas¬ 
urements  from  aeostat ionary  satellite  VHF  signals  of  op- 
pwlunity. 

For  satellite  navigation  and  communication  designers, 
however,  the  Faraday  polarization  rotation  effect  is  a  nuis¬ 
ance.  It  a  linearly  polarized  wave  is  transmitted  from  a 
satellite  to  an  observer  on  or  near  the  surface  of  the  earth, 
the  amount  of  polarization  rotation  may  be  nearly  an  (xld 
integral  multiple  of  90  degrees,  thereby  giving  no  signal  .  n 
the  receiver's  linearly  polarized  antenna,  unless  the  user  is 
careful  to  realign  his  antenna  pol animation  for  maximum 
received  signal. 

As  shown  in  Figure  10.84  at  4  GHz.  a  commercial 


10.8.5  Angular  Refraction 

The  refractive  index  of  the  earth's  ionosphere  is  re¬ 
sponsible  for  the  bending  of  radio  waves  from  a  straight 
line  geometric  path  between  satellite  and  ground.  This  an¬ 
gular  refractitrn  or  bending  produces  an  apparc.it  higher 
elevation  angle  than  the  geometric  elevation.  Millman  and 
Reinsmith  |I974|  have  derived  expressions  relating  the  re¬ 
fraction  to  the  resultant  angular  bending.  Perhaps  the  ea.siest 
expressions  to  use.  as  given  by  Millman  and  Reinsmifh 
119741  relate  the  ionospheric  range  error  to  angular  refrac¬ 
tion; 


R  -¥  r,,  sin  E„  (r„  cos  E„)  AR 
h,  (2r„,  +  h,)  -b  r:.  sin  E,.  R 


(10.80) 


where  E„  is  the  apparent  elevation  angle.  R  is  the  apparent 
range,  AR  is  computerl  from  AR  =  (40.3/f')  x  TEC.r„is 
the  earth's  radius,  and  h,  is  the  height  of  the  centroid  of  the 
TEC  distribution,  generally  between  3(X)  and  400  km 
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Figure  lO-HS,  Refraction  in  elevation  angle  ve  elevation  angle  for  indicated  frequencies  and  values  of  TEC. 


For  low  elevation  angles  and  satellites  well  above  most 
of  the  ionization,  R>r„sin.’ and  the  angular  refraction  can 
be  expressed  as; 

AE  =  -“AR.  (10.81) 

2h, 

Typical  values  of  elevation  refraction  error  for  a  TEC 
of  lO'*  cl.'m-  column  are  shown  in  Figure  10-85  for  several 
frequencies.  Note  that,  at  the  lowest  frequency,  100 
nia.r  the  horizon  the  refraction  is  weli  over  1 .5  degrees'  The 
c  ’.'ves  shown  in  Figure  10.8.5  have  been  constructed  using 
t'le  approximation  derived  •'y  Millman  and  Reinsmith  |I974| 
for  low  elevation  angles  given  ir.  Equation  (lO.Si). 

Generally,  the  range  error  itself  is  the  main  ionospheric 
problem  for  advanced  navigation  systems,  and  elevation 
angle  errors  are  insignificant.  Satellite  detection  radar  sys¬ 
tems.  on  the  other  hand,  do  have  the  requi.cment  to  know 
accurate  pointing  elevatio;.  angles  for  their  large  aperture 
arrays,  though  geo.  ruMy  the  accurate  tracking  is  done  by 
using  range  ra''  information,  and  elevation  angle  is  of  sec¬ 
ondary  importance  as  long  as  the  beemw  idth  of  the  antenna 
is  large  enough  to  see  the  target. 

Errors  in  the  azimuth  of  radio  waves  transmitted  through 
the  ionosphere  can  also  iK'cur.  they  depend  upon  azimuthal 
gradients  in  TEC  which  are  generally  small  and  which  can 
usually  be  neglected  ir.  practical  cases. 
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10.8.6  Distortion  of  Pulse  Waveforms 

Two  characteristics  of  the  ionosphere  can  produce  dis¬ 
tortion  of  pulses  of  RF  energy  propagated  through  it.  The 
dispersion,  or  differentia!  lime  delay  due  to  the  normal  ion¬ 
osphere,  as  derived  by  Millman  [19651  is  proportional  to 
l/f’.  and  produces  a  difference  in  pulse  arrival  time  across 
a  bandwidth  Af  of 


At 


80.6  X  10" 
c  f’ 


Af  X  TEC. 


(10.82) 


where  c  is  the  veltxrity  of  light  in  m,'s,  f  and  Af  are  expressed 
in  Hertz,  and  TEC  is  in  el/m’  column.  The  dispersive  term 
for  pulse  distortion  is  thus  proportional  to  TEC.  When  the 
difference  in  group  delay  time  across  the  bandwidth  of  the 
pulse  is  the  same  magnitude  as  the  width  of  the  pulse  it  will 
be  significantly  disturbed  by  the  ionosphere.  Millman  and 
Bell  [1971 1  also  derived  mathematical  relationships  for  ion¬ 
ospheric  dispersive  effects  on  an  FM  Gaussian  shaped  pulse. 

In  addition  to  pulse  distortion  by  the  dispersive  effects 
due  to  the  TEC  of  the  normal  background  ionosphere,  radio 
pulses  are  also  modified  by  scattering  from  ionospheric  ir¬ 
regularities.  Yeh  and  LiU  [  1979[  have  computed  pulse  mean 
arrival  time  and  mean  pulsewidth  due  to  both  dispersion 
and  .scattering. 
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Figure  10-86.  Typical  profile  of  electron  density  vs  height. 

10.9  IONOSPHERIC  TOTAL  ELECTRON 
CONTENT  (TEC) 

10.9,1  Average  TEC  Behavior 

The  ionospheric  parameter  responsible  for  the  effects 
described  in  section  10.8  is  the  total  number  of  free  elec¬ 
trons.  TEC.  or  its  rate  of  charge,  along  the  path  from  a 
satellite  to  a  ground  station.  The  greatest  contribution  to 
TEC  comes  from  the  F2  region  of  the  ionosphere.  A  typical 
daytime  midlatitude,  high  solar  maximum  electron  density 
profile  is  illustrated  in  Figure  10-86.  The  curve  on  the  left 
side  of  Figure  10-86  is  the  log  of  N^.  plotted  versus  height 
as  normally  shown  by  ionospheric  workers.  Since  the  TEC 
is  represented  by  the  area  under  the  curve  of  a  linear  plot 
of  N..  versus  height,  the  right  hand  plot  of  Figure  10-86 
illustrates  the  actual  linear  plot.  Note  that  most  of  the  con¬ 
tribution  to  TEC  occurs  near  the  peak  of  the  F2  region.  The 
reason  for  making  this  point  is  as  follows:  ground-based 


el/cm’  units  of  10® 

In  (a)  log  N,  is  plotted:  in  (b)  N.  is  plotted  on  a  linear  scale. 

ionosondes  have  been  used  since  the  I9.t0s  to  make  con¬ 
tinuous.  routine  measurements  of  the  density  at  the  peak  of 
the  F2  region,  measured  by  ionosondes  as  foF2.  and  equated 
to  N,„;„  by 

(foF2)-  =  80.6  N.  (10.83) 

where  foF2  is  in  MHz.  and  N  is  in  units  of  lO'’  el/cc. 

In  the  ly.SOs  and  ,1960s.  continuing  to  a  more  limited 
extent  even  today,  upwards  of  I  .‘>0  ionosondes  were  operated 
to  provide  improved  prediction  capability  for  long  distance 
high  frequency  propagation  by  means  of  ionospheric  re¬ 
fraction.  Various  models  of  foF2  were  developed  for  this 
purpose,  one  of  the  more  ptipular  ones  being  commonly 
known  as  lTS-78  [Barghausen  et  al..  1969)  after  the  report 
number  which  described  the  model.  This  model,  among 
other  things,  characterized  the  10  day  average  .vorldwidc 
behavior  of  foF2  by  Fourier  temporal  components  and  Le¬ 
gendre  polynomial  geographic  ciK'fficients  ordered  by  mag¬ 
netic.  rather  than  geographic,  lathude.  The  success  of  this 
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experimental,  data  based,  or  einpirieal  m(xlet.  in  repre¬ 
senting  the  actual  worldwide  roF2  is  due  to  the  large  amount 
of  data  available  'Vom  ionosondes  in  many  regions  of  the 
world.  Other  characteristics  of  this  model  are  discussed  by 
Dandekar  119821  and  in  Section  10..^  of  this  chapter. 

For  the  TEC  parameter,  data  availability  have  been,  and 
will  likely  continue  to  be.  much  more  sparse.  First.  TEC 
measurements  have  generally  been  calculatpd  from  mea¬ 
surements  of  Faraday  prriari/ation  rotation  using  VHF  sig¬ 
nals  of  opportunity  transmitted  from  geostationary  satellite 
telemetry  transmitters.  A  few  lunar  reflected  Faraday  ro¬ 
tation  measurements  in  ihe  late  19.‘50s  and  early  1960s  and 
the  TL'C  obtained  from  a  few  low  orbit  satellites  did  not 
contribute  significantly  to  our  knowledge  of  world-wide  TEC 
behavior,  at  least  not  for  modeling  average  ionospheric  con¬ 
ditions.  Only  since  the  early  to  mid-196()s  have  TEC  values 
been  obtained  on  a  more-or-less  regular  basis.  Even  texlay 
fewer  than  one  dozen  stations  regularly  contribute  TEC  data, 
which  can  be  used  in  TEC  modeling  purposes,  to  a  world 
data  center. 

Fortunately  most  of  the  contribution  to  TEC  comes  from 
near  the  F2  region  density  peak  where  mixlels  of  foF2  aie 
available.  These  foF2  mixlcls  can  he  combined  with  some 
limited  knowledge  of  topside  ionospheric  thickness  obtained 
from  topside  sounders,  along  with  topside  in  siiii  density 
measurements,  to  puxlucc  a  complete  ionospheric  height 
profile  model.  Tnc  most  well  known  of  these  models  is  the 
one  by  Bent  1  Llewellyn  and  Bent.  1973)  which  uses  ITS- 
78  coefhrients  for  foF2.  and  topside  exponentials  for  com¬ 


puting  TEC.  A  representation  of  world-wide  average  be¬ 
havior  of  TEC  is  illustrated  in  Figure  10-87  foi  2000  hours 
UT.  To  first  order  the  TEC  eontours  shown  in  Figure  10- 
87  move  westward  along  magnetic,  rather  th  in  geographic, 
latitude  lines,  at  the  earth's  rotation  rate.  The  Bent  model 
was  constructed  using  solar  maximum  data  from  the  1968- 
1969  period  and  had  to  be  adjusted  upward  somewhat  to 
account  for  the  much  higher  1979- 1 980  solar  maximum  than 
that  of  1968-1969.  This  adjustment  was  necessary  to  ade¬ 
quately  represent  the  actual  TEC  values  from  stations  mak¬ 
ing  observations  in  March  1980.  which  was  near  the  max¬ 
imum  of  the  second  highest  solar  cycle  ever  recorded  in  the 
more  than  200  year  history  of  solar  cycle  observations.  The 
Bent  model,  appropriately  adjusted  for  high  solar  cycle  val¬ 
ues.  does'  however,  represent  fairly  well  the  average  be¬ 
havior  of  TEC  for  many  locations  tested.  Other  worldwide 
ionospheric  electron  density  profile  models  from  which  av¬ 
erage  TEC  can  be  obtained  include  ones  by  Ching  and  Chiu 
11973).  and  Chiu  119751.  Kohnlein  119781.  the  4-D  mixlel 
IVcnFlotow.  1978).  and  the  International  Reference  lono- 
spheie  (IRl)lRawer.  1981).  The  characteristics  of  some  of 
these  models  are  described  in  Dandekar  11982)  and  in  Sec¬ 
tion  10,3 

Other  empirical  models  of  TEC  have  been  developed 
directly  from  TEC  data  alone,  though  these  have  necessarily 
been  limited  in  temporal  and  geographic  extent  by  the  avail¬ 
able  data  base.  These  include  models  of  TEC  over  Europe 
and  the  Mediterranean  IKlobuchar.  1973)  for  low  and  me¬ 
dium  activity  portions  of  the  1 1  year  solar  cycle,  and  a 


CONTOURS  OF  TO’AL  ELECTRON  CONTENT  UNITS  OF  lO'®  el/m*  COLUMN 
MARCH  .1980  (  F,o7*  167) 

2000  UT 


Figure  10-87.  CunluLrs  i>t'  vertical  THC  in  u.iits  of  10  el/m*  column  for  2tK)0  IT.  March  1980 
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model  of  TEC  over  the  Indian  subcontinent  for  Ixjlh  solar 
minimum  and  for  an  average  solar  maximum  (Klobuchar. 
e*  al.19771.  Models  of  the  slao  thickness  parameter,  the 
ratio  of  TEC/N„a,  have  been  developed  for  specific  regions 
such  as  the  one  for  norihem  Europe  by  Kerslcy  1 1980|.  and 
one  for  the  eastern  USA  by  Klobuchar  and  Allen  |I970|. 
from  which  TEC  can  be  obtained  from  a  model  of  foF2. 
An  algorithm  designed  for  an  approximate  oO'Jf  correction 
to  world-wide  TEC,  for  use  in  an  advanced  navigation  sys¬ 
tem.  has  been  developed  by  Klobuchar  119731. 

All  of  the  models  listed  here,  and  the  list  is  by  no  means 
complete,  are  empirical  models  that  attempt  to  correct  for 
average  TEC  behavior  only.  However,  the  variabi'ity  from 
average  TEC  behavior  can  be  large  and  may  be  important 
to  some  radio  wave  systems  that  must  propagate  througi. 
the  ionosphere. 

10.9.2  Temporal  Variability  of  TEC 

10.9.2.1  Variability  from  Monthly  Mean  TEC  Values. 

The  ionosphere  is  a  weakly  ionized  plasma  and  the  resultant 
TEC  is  a  function  of  many  variables  including  solar  ionizing 
radiation,  neutral  wind  and  electric  field  effects,  neutral 
composition,  and  temperature  changes.  A  monthly  overplot 


of  curves  of  diurnal  changes  in  TEC  for  a  northern  mid- 
latitude  station  for  twelve  months  during  a  iiolar  maximum 
period  is  shown  in  Figure  10-88.  The  standard  deviation 
from  monthly  mean  diurnal  behavior  is  approximately  20%- 
25^.  during  the  daytime  hours  when  the  absolute  TEC 
values  are  greatest.  Figure  10-89  shows  the  standard  de¬ 
viation  from  monthly  average  TEC  behavior  for  the  mid¬ 
day  hours  for  a  number  of  stations  during  the  solar  maximum 
period  1968-1969.  Again  20%-25%  is  a  gotxi  value  for  the 
standard  deviation  from  the  monthly  average  behavior.  The 
standard  deviation  is  somewhat  higher  during  the  nighttime 
hours,  but  the  absolute  TEC  values  are  much  lower  during 
these  periods. 

If  a  satellite  ranging  system  has  error  requirements  such 
that  it  must  correct  for  monthly  average  ionospheric  time 
delay,  but  .still  can  tolerate  the  approximate  209'r-25'’/f  vari¬ 
ability  of  TEC  from  monthly  average  conditions^  approxi¬ 
mately  707f  -80%  of  the  ionospheric  effect  on  the  system 
can  be  eliminated  by  the  use  of  an  average  TEC  mixlel  such 
as  the  one  constructed  bv  Bent  (Llewellyn  and  Bent.  I97.^|. 
If  the  system  only  requires  an  approximate  .30%  rms  cor¬ 
rection  c.'  the  ionospheric  time  delay,  the  algorithm  devel¬ 
oped  by  Klobuchar  ( I975|  can  be  used.  On  the  other  hand, 
if  corrections  for  some  portion  of  the  remainder  ol  the  ion¬ 
ospheric  time  delay  are  required,  after  a  state  of  the  art  TEC 


FROM  HAMILTONfATS-  5i 
(TIME  UT) 


Figure  10-88  M<inihly  overplots  of  TEC  JIurnal  curses  lor  Hamilton.  Mass,  for  r)79. 
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modeL  such  as  the  Bent  one.  has  been  used  to  lake  out  the 
monthly  mean  TEC,  then  the  short  term  (a  few  nours)  tem¬ 
poral  variability  as  well  as  the  geographic  va'iability.  of 
TEC  must  be  considered. 

10.9.2.2  Short  Term  Teinporal  Variability  of  TEC. 
The  correlation  time  of  departures  of  TEC  fr^m  monthly 
average  curves  has  been  studied  by  Don  ate  li  and  Allen 
(1981 1.  They  concluded,  for  the  midlatitude  station  they 
studied,  that  the  useful  prediction  time  was  a  function  of 
local  time,  season,  and  long  term  sunsp<it  activiry .  However, 
in  most  cases  they  gained  no  significant  improvement  over 
the  use  of  monthly  mean  predictions  when  they  used  actual 
data  more  than  .T  hours  old.  The  longest  use.'ul  prediction 
interval  occurred,  fortunately,  during  solar  maximum  day¬ 
time  hours  when  absolute  TEC  values  are  highest.  During 
solar  minimum  periods  their  useful  prediction  time  interval 
was  often  as  short  as  one  hour. 

In  their  study,  Donatelli  and  Allen  1 1981 1  predicted  TEC 
data  for  the  same  geographic  location  and  direction  in  the 
sky  as  their  measurements.  If  the  prediction  is  for  a  different 
location,  the  teiiiptiral  correlation  will  be  lower. 

10.9.2.3  Geographic  Variability  of  TEC.  The  variabil¬ 
ity  of  TEC  at  the  same  local  time,  but  as  a  function  of 
distance  has  been  studied  by  Klobuchar  and  lohanson  1 19771. 
They  utilized  TEC  data  from  two  sets  of  stations,  one  aligned 
approximately  along  an  east- west  direction,  with  the  other 
set  of  stations  aligned  along  an  approximate  north-south 


direction.  Their  results  ate  shown  in  Figures  IO-90a  and  b 
for  the  east-west  and  the  north-south  station  alignments, 
respectively.  No  significant  difference  in  correlation  dis¬ 
tance  was  found  with  season. 

The  percent  improvement.  P.  I. .  in  TEC  from  the  average 
value  is  related  to  the  correlation  coefficient  r  by 

P.l.  =  100  X  ll-(l-r’ )"’] 

(see  Gautier  and  Zacharisen,  (1965))  (10.84) 

Note  that  a  correlation  coefficient  of  0.7  explains  only  29% 
of  the  variance  between  the  data  at  station  pairs;  hence  a 
mea.surement  at  one  station,  with  a  correlation  coefficient 
of  0.7  between  data  sets  with  a  second  station  would  result 
in  an  improvement  at  the  second  station  over  the  average 
predicted  value  of  only  29%. 

10.9.3  TEC  in  the  Near-Equatorial  Region 

All  of  the  preceding  sections  have  concentrated  op  the 
behavior  of  TEC  in  the  midlatitude  regions  of  the  world, 
mainly  because  most  of  the  available  data  are  from  that 
region.  The  near-equatorial  region  deserves  special  mention 
due  to  the  fact  that  the  highest  TEC  values  in  the  world 
iKCur  in  this  region,  as  shown  in  Figure  10-87.  This  region 
extends  to  approximately  ±  20'’-2.‘'°  either  side  of  the  mag¬ 
netic  equator,  with  the  highest  TEC  values  not  at  the  equa¬ 
tor,  but  rather  at  the  so  called  "equatorial  anomaly"  regions 
U  cated  app'"oximately  ±  1.*'“  from  the  magnetic  equator. 
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Figure  10-90.  Correlalion  coefticicm  vs  station  seraration  in  (a)  latitude  and  toi  longitude. 
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Figure  10-91.  Monihly  overplols  of  TEC  Jiumal  curves  for  Ascension  Island.  May  1980-April  1981. 


The  regions  of  highei.t  TEC  values  at  2000  hours  UT  are 
clearly  seen  in  Figure  10-87  near  100°  west  longitude. 

Most  of  the  day-to-day  geographic  variability  of  TEC 
in  the  equatorial  anomaly  region  during  solar  minimum  con¬ 
ditions  can  be  explained  by  the  variability  of  equatorial 
eicctrojet  strength.  Unfortunately,  no  such  similar  TEC  data 
are  available  for  solar  maximum. 

An  example  of  the  high  temporal  variability  of  TEC  for 
solar  maximum  conditions  for  Ascension  Island,  a  station 
located  near  the  peak  of  the  southern  TEC  equatorial  crest 
region,  is  shown  in  Figure  10-91.  Note  the  extremely  large 
day-to-day  TEC  variability  in  the  afterruxm  and  evening 
hours  in  some  months.  Any  satellite  ranging  system  re¬ 
quiring  ionospheric  TEC  corrcctiors  in  the  near-equatorial 
region  should  not  use  the  midlatitude  standard  deviation 
values  of  approximately  -2.s'7f  to  represent  the  vari¬ 
ability  of  the  near-equat('rial  region. 
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10.9.4  TEC  in  the  Auroral  and 
Polar  Cap  Regions 

Siiice  most  available  TEC  values  have  been  measured 
using  radio  signals  transmitted  from  geostationary  sc  litds. 
which  can  be  viewed  only  at  knv  elevation  angles  trom  high 
latitudes,  knowledge  of  the  variability  of  TEC’in  the  auroral 
and  p<-»larcap  regions  is  sparse.  In  the  American  longitude 
sector,  where  the  magnetic  latitudes  are  lowest  for  a  given 
geographic  latitude,  there  is  considerable  TEC  data  from 
.Goose  Bay.  Labrador,  over  which  the  aurora  passes  south¬ 
ward.  even  during  moderately  magnetically  disturbed  pe¬ 
riods.  The  behavior  of  TEC  during  those  periods  can  be 
highly  irregular,  especially  during  the  nighttime  hours.  TEC 
values  often  exhibit  rapid  changes  and  iKcasionally  even 
e'cccd  the  daytime  maximum  values  briefly.  While  the  oc¬ 
currence  of  general  auroral  activity  may  be  predictable,  tne 
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Figure  10-92.  Monthly  average  plasmasphcric  electron  content  vv.  local  time  for  A'^tystwyth.  Wales  (dashed  line)  and  for  Hamilton.  Mass,  (solid  line). 
Also  plotted  are  values  from  Kiruna.  Sweden  for  October  1975  and  fnim  Sao  Paulo.  Brazil  for  May  1975. 


specific  large  increases  in  TEC.  likely  due  to  auroral  pre- 
cipitatoin.  arc  not  individually  predictable,  but  may  be  sta¬ 
tistically  characterized  as  a  function  of  magnetic  activity. 

In  the  polar  cap  region  a  negligible  amount  of  TEC  data 
exists.  The  abs.-ilute  TEC  values  are  probably  !s>wer  in  this 
region  than  in  the  midlatitudes,  and  the  variability  of  the 
polar  cap  TEC  is  probably  very  high. 


10.9,5  ProionosL-heric  Electron  Content 

Most  of  the  available  TEC  data  has  been  taken  by  meas¬ 
urements  of  Faraday  rotation  of  single  freouency  radio  waves 
transmitted  from  geostationary  satellites  to  ground  observ¬ 
ers.  The  electron  content  obtained  from  Faraday  rotation 
observations,  while  made  from  radio  waves  transmitted  from 
satellites  at  geostationary  satellite  height  above  the  earth's 
surface,  only  includes  the  contribution  of  electrons  up  to 
.  heights  of  approximately  2(XK)  kni.  This  is  ''etause  the  in¬ 
tegrated  product  of  the  longitudinal  component  of  the  earth's 
magnetic  field  times  the  electron  density,  afune  approxi¬ 
mately  2(KX)  km.  is  negligible.  The  only  measurements  of 
the  additional  contribution  of  electrons  above  the  Faraday 
maximum  height  have  been  made  using  signals  from  an 
ionospheric  beacon  on  the  geostationary  satellite  ATS-6. 


Davies  |1980|  has  reviewed  the  overall  results  of  the  ATS- 
6  experiment ,  A  summary  of  typi-'al  protonospheric  electron 
content  data  is  shown  in  Figure  10-92  taken  from  Klobuchar 
et.  al.  1 1978).  Note  that  the  protonospheric  values  are  fairly 
low  in  absolute  value. 

During  the  nighttime  hours  when  the  ionospheric  TEC 
is  k-w.  the  protonospheric  contribution  may  become  a  fairly 
large  percentage  of  the  total  number  of  electrons  between 
a  satellite  at  geostationary  height  and  an  observer  on.  or 
near  the  earth's  surface.  Unfortunately,  no  protonospheric 
electron  content  data  are  available  during  solar  maximum 
conditions. 


10.9.6  Short  Term  Variations  in  TEC 

The  time  rate  of  change  of  TEC.  in  addition  to  the  normal 
diurnal  variations,  also  has  periodic  variations  due  to  per 
turbations  of  the  ionospheric  F  region  tfom  various  potential 
sources  as  geomagnetic  substorms,  meteoriogical  sources 
such  as  weather  fronts,  shock  waves  from  supersonic  air¬ 
craft.  volcanic  explosions,  rocket  launches,  and  other  mis¬ 
cellaneous  sources.  While  these  short  term  variations  in  TEC 
cover  a  large  range  of  periods  and  amplitudes,  common 
periods  range  from  20  to  ove.-  UK)  minutes  with  amplitudes 
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of  a  few  percent  of  the  background  TEC.  A  10%  ionospheric 
disturbance  with  respect  to  the  background  TEC  is  uncom¬ 
mon.  while  a  1%  TEC  perturbation  is  common.  Tithcridge 
|l%81  and  Yeh  11972]  have  made  studies  of  the  statistics 
of  traveling  ionospheric  disturbances  (TlDs),  in  TEC  for 
midlatitude  regions. 

A  system  that  requires  correction  for  ,he  rate  of  change 
of  TEC  cannot,  rely  on  models  of  TEC  to  provide  reliable 
information  on  short  term  rate  of  change  of  TEC  informa¬ 
tion.  and  can  use  available  TID  information  only  in  a  sta¬ 
tistical  manner.  The  only  recourse  for  a  system  significantly 
affected  by  rate  of  change  of  TEC  is  to  use  a  dual  frequency 
measurement  technique  to  directly  measure  the  ionospheric 
contribution  to  range  rate. 

10.9.7  Conclusions 

There  are  at  least  three  categories  of  systems  potentially 
affected  by  ionospheric  time  delay.  For  the  first  category 
of  user  the  potential  systems  effects  may  be  small,  at  lea.st 
under  any  naturall;,  (Kcurring  worst  case  ionospheric  con¬ 
ditions.  In  the  second  category,  a  user  may  require  a  nominal 
correction  for  average  ionospheric  time  delay,  but  is  able 
to  tolerate  the  2(V/<-2y/(  standanl  deviation  from  average 
conditions  He  should  e.spect  at  lea-<i  a  collection  for 
ionospheric  time  delay  effects  using  a  iclativcly  simple  time 
delay  algorithm,  and  up  to  70% -80%  for  a  state  of  the  art, 
fairly  complex  model.  These  nuKlel  corrections  can  be  im¬ 
proved  by  the  use  of  actual  ionospheric  measurements  within 
a  reasonable  temporal  and  spatial  frame:  For  the  third  cat¬ 
egory  of  user  ionospheric  nuxlel  corrections,  even  updated 
with  near-rc'al-time  measurements,  may  not  be  sufficient  to 
correct  for  ionospheric  time  delay,  and  the  system  must  then 
make  its  own  ionospheric  correction.  Fortunately,  the  ion¬ 
osphere  is  a  dispersive  medium  and  the  use  of  identical 
mixlulation  on  two,  w  idcly-spacc'l  frequencies  will  allow  a 
direct  measurement  to  be  made  of  ionospheric  range  delay. 
Two  coherently-derived  carrier  frequencies  may  be  used  to 
obtain  accurate  time  rate  of  change  information  for  TEC. 
Details  of  measuring  ionospheric  ef  fects  directly  by  a  sys¬ 
tem's  use  of  multiple  frequencies  are  available  in  Bums  and 
Fremouw  1 197()|. 

10.10  ARTIFICIAL  MODIFICATION 

The  field  of  ionospheric  modifications  is  a  subset  of  a 
more  general  class  of  research  today  called  "Active  Kxper- 
im  mts"  in  space  plasmas.  This  field  was  initiated  early  in 
the  space  program  by  using  riKketbome  chemical  releases 
as  tracers  and/or  modifiers  of  upper  atmospheric  processes. 
The  physical  basis  for  such  experiments  was  reviewed  in 
some  detail  by  Haerendel  |I976I  during  tnr  first  interna¬ 
tional  meeting  devoted  entirely  to  artificial  modification  studies 
{Albrecht.  19761.  A  second  major  symposium  on  Active 


Experiments  (Russell  and  Rycroft,  1980]  dealt  with  a  broad 
spectrum  of  experiments:  energetic  particle  injections,  plasma 
wave  ( VLF)  injections,  mass  (neutral  gas)  injections,  as  well 
as  with  laboratory  and  computer  simulation  experiments. 
The  most  recent  summary  of  Active  Experiments  in  .space 
treated  particle  beams,  neutral  gas  injections,  wave  injec¬ 
tions  and  high  power  heating  experiments  (Burke,  1983). 
The  common  thread  that  binds  all  of  these  methods  is  the 
use  of  well-defined  input/output  experiments  to  probe  the 
sy.stcm  response  functions  for  specific  atmospheric  and  space 
plasma  systems. 

in  terms  of  purely  ion.rspheric  phenomena,  the  modi¬ 
fication  of  ambient  electrons  and  ions  are  most  often  achieved 
by  chemical  injections  or  by  radiowave  heating  experiments. 
Each  of  these  areas  is  treated  in  the  following  sections. 

10.10.1  Chemical  Releases 

The  history  of  chemical  release  experiments  dates  from 
the  the  earliest  days  of  space  exploration  when,  shortly  afier 
Sputnik- 1  in  1957.  riK'ket-bomc  payloads  of  highly  reactive 
chemicais  were  injected  into  the  upper  atmosphere  in  at- 
lempts  u  use  artificial  perturbation  techniques  as  a  way  of 
invcsiig-.  iing  the  structure  and  dynamics  of  the  neutral  and 
ionized  components  of  the  upper  atmosphere.  The  Air  Force 
Cambridge  Research  Laboratories  (ARCRL)  carried  out  the 
initial  work  with  plasma  cloud  injections  (Marmo  et  al., 
19591,  and  later  a  pioneering  and  comprehensive  series  of 
chemical  injection  expcrimer.ts  under  PROJECT  FIREFLY 
(Rosenberg.  I964|.  Experiments  using  barium  releases  (or 
similar,  easily  ionized  species)  have  formed  the  major  ac¬ 
tivity  in  this  field,  tracing  and/or  modifying  ionospheric 
priK’esscs  from  auroral  locations  (Holmgren  et  al.,  1980]  to 
the  equator  (Kelly  et  al.  1979).  The  .symposium  jjroceedings 
referenced  above  (Albrecht,  1976;  Russell  and  Rycroft,  1980; 
Burke.  1983)  offer  comprehensive  summaries  of  these  ex¬ 
periments. 

The  field  of  neutral  mass  injections  wa"  first  concerned 
with  the  environmental  impacts  that  might  result  from  the 
larger ,  .nd  more  powerful  rockets  being  developed  for  space 
exploration  iKclIogg.  I964|.  In  1973.  when  the  last  Saturn 
V  rocket  to  be  u.sed  in  the  U.S,  Space  Pn'gram  launched 
NASA's  Skylab  Workshop,  the  resultant  deposition  of  ap¬ 
proximately  KXK)  kg/s  of  H.  and  H;0  exhaust  molecules 
into  the  2(X)-44()  km  altitude  region  initiated  a  rapid  and 
large-scale  depletion  of  the  ionosphere  to  an  extent  never 
seen  before  (see  Figure  10-93).  The  artificially-created  "ion¬ 
ospheric  hole”  amounted  to  nearly  a  50%  decrease  in  the 
total  electron  content  (TEC)  of  the  ionosphere  over  an  area 
of  approximately  a  million  square  kilometers.  Mendillo  et 
al.  ( 1975  a.b)  attributed  the  effect  to  the  explosive  expansion 
of  an  exhaust  cloud  of  highly  reactive  molecules  that  ini¬ 
tiated  a  rapid  recombination  of  the  ionospheric  pb'sma. 

The  introduction  of  such  typical  rocket  exhaust  products 
as  H:,  H;0  and  CO:  into  the  upper  atmosphere  causes  the 
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Figure  I0-9.V  Total  Elcctnm  Conicnt  iTECi  data  used  to  detect  the  ‘‘SKY- 
LAB  eft'eci'*  on  14  May  1973.  The  duNhed  curve  gives  the 
anticipated  diurnal  TEC  behavior  based  upon  a  r.umthty 
median  prediction  updated  for  geomagnetic  storm  effects 
[Mcndillo  et  al,.  I975b|. 

atomic  ion  F  region  plasma  to  be  transformed  to  a  molecular 
ion  plasma  at  rates  100  to  I0(X)  times  faster  than  occur  with 
the  naturally  present  molecules  of  nitrogen  (NO  and  oxygen 
(00. 

These  important  reactions  are 

K| 

()•  4  H;0— H;0*  +0  K,  =  2,. 4  X  10  “em'/s 

(I0.«5) 

O'  +  H;  — ♦  OH  *  +  H  X;  =  2.0  X  10  '*  cmVs 

(10.86) 

O'  +  C0:-*0:  +  CO  k,  -  1.2  X  10  '*  cmVs  . 

(10.87) 

Once  a  nioleculiir  ion  is  formed,  its,  dissiKiutive  recom¬ 
bination  with  an  ambient  electron  occurs  rapidly. 

fti 

H:0*  -t-  e  —  OH  +  H  a,  =  .4.0  X  10  ’  em'/s 

(10.88) 
«»t 

OH*  -t-  e  —  H  ^  O  a,  =  1.0  X  10  "  em'/s 

(1089)' 

07  -I-  e  ^0-1-0  a,  =  2.0  x  10  ’  em'/s. 

(10  90) 

and  hence  an  "ionospheric  hole"  is  formed.  A  review  of 
nx'ket  induced  ionospheric  disturbances  has  been  given  by 
Mendillo  |198l|. 

Figure  10-94  contains  a  schematic  showing  the  many 
physical  and  chemical  pr(Kcsses  associated  with  artilicially- 
induced  depletions  in  the  F  region.  It  should  be  noted  that 
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the  lack  of  large-scale/long-lived  tptxlificution  effects  upon 
the  lower  regions  of  the  ionosphere  is  due  prirharily  to  the 
high  neutral  densities  and  molecular  ion  chemisii^  already 
dominant  at  O  and  B  region  heights,  as  discussed  in  detail 
by  Forbes  1 19801 . 

Computer  simulation  mixlels  for  the  F  region  effects 
have  been  constructed  by  Bernhardt  et  al.  ( I97.4|.  Mendillo 
and  Forbes  1 19781.  Anderson  and  Bernhardt  1 1978)  and  Zinn 
and  Sutherland  jl98()|.  The  emphasis  in  these  studies  has 
ranged  from  environmental  impacts  of  ptoposed  in-space 
construction  .scenarios  (Rote.  1979’,  to  laboratory-in-space 
experiments  using  "dedicated  engine-bums"  of  the  space 
shuttle  as  part  of  the  Spacelab-2  mission  in  198.5.  to  a  series 
of  chemical  miHlilication  experiments  planned  for  the  Com¬ 
bined  Rclea.se  and  Radiation  Effects  Satellite  (CRRES) 
scheduled  for  thc  late  I980's'.  Some  of  these  concepts  have 
been  ’cv.ted  using  rocketlxrme  chemical  payloads  during  pro¬ 
jects  LAGOPEDO  IPongratz  and  Smith.  1978).  WATER- 
HOLE  IWhalen  et  al.,.  19811.  BIME  INarcisi.  198.41  and 
COLOURED  BUBBLES  |Hae:endel  et  al..  !984|.  In  the 
AFGL  Ionospheric  Mixlilication  Study  INarcisi.  19831,  at¬ 
tempts  were  made  to  study  effects  associated  with  SF*  in¬ 
duced  negative  ion  plasmas  |  Mendillo  and  Forbes,  19781. 
During  so-called  "experiments  of  opportunity.”  where 
scheduled  rocket  launche..  are  monitored  by  a  variety  of 
techniques,  satellite  radio  beacon  observations  have  been 
reported  by  Mendillo,  et  al.  1 1980]  incoherent  scatter  meas¬ 
urements  by  Wand  and  Mendillo  1 19841,  and  optical  di¬ 
agnostics  by  Kofsky  1 198 1 1  and  Mendillo  and  Baumgardner 
11982|.  Figure  10-95  offers  an  example  of  the  artificial 
airglow  clouds  associated  with  F  region  hole-making  ex¬ 
periments. 


10.10.2  High  Power  HE  transmissions 

Ground  based  high  power  high  frequency  transmitters 
opterating  below  the  critical  frequency  of  the  ionosphere 
have  beer,  used  to  artificially  modify  the  ionospheric  electron 
thermal  budget  and  plasma  characteristics  (Utlaut,  1970; 
Gordon  et  al..  1971;  5'nlyger.  1974;  for  comprehen.sive  re¬ 
views.  see  Carlson  aid  Duncan.  1977  and  Gurevich  and 
Fejer.  1979].  The  power  aperture  product  of  these  high 
power  transmitters  have  been  typically  of  the  order  of  10'’ 
Mwm-  providing  power  densities  of  about  10-100  p-wm  - 
at  ionospheric  heights.  The  ionospheric  “modification” 
or  .so-called  "‘heating”  experiments  h.ive  been  obsered  to 
cause  not  only  the  initially  intended  enhancements  of  elec¬ 
tron  gas  temperature  with  associated  plasma  redistribution 
but  give  rise  to  a  variety  of  nonlinear  plasma  phenomena. 
Figure  10-96  |after  Carlson  and  Duncan.  19771  summarizes, 
in  a  schematic  form,  the  striking  variety  of  observed  ef¬ 
fects  of  ioncsphcric  heating.  The  enhancements  of  electron 
gas  temperature  have  been  observed  to  be  a  few  hundred 
degrees  K  IGordon  et  al.,  1971]  caused  by  the  deviative 
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absorption  of  the  heater  wave  near  the  altitude  of  HF  re- 
fieetion.  The  following  manifestations  of  plasma  instabilities 
have  been  observed:  ( I )  artifieially  ereated  spread  F;  (3) 
strongly  enhanced  radio  wave  absorption:  (3)  the  creation 
af  field-aligned  densitv  irregularities  which  scatter  (this  phe¬ 
nomenon  is  sometimes  called  lield-aligned  scatter  ol  FAS) 
an  incident  HF.  VHF.  or  UHF  wave  with  vinually  no  fre- 
.jueiicv  change  and  make  certain  type.,  of  scatter  commu- 
nic;ition  circuits  possible:  (4)  scattering  process  in  which 
:he  frequency  of  the  scattered  wave  differs  Irom  the  Ire- 
.|uency  of  the  incident  wave  by  roughly  the  frequency  ol 


the  high-iwwer  HF  transmissions:  and  (.‘i)  strongly  enhanced 
airglow  at  6.3(K)  A:  some  enhancement  at  5511  A  is  also 
observed  (see  the  Special  Issue  of  Radio  Science.  |I974|). 

The  short-wavelength  ( I  cm  -  10  m)  field-aligned  irreg¬ 
ularities  produced  by  ionospheric  heating  are  a  result  of 
parametric  decay  instability  or  wave  interaction  between  the 
high  pinver  radio  wave  (pump)  and  the  ion-acoustic  and 
Langmuir  waves.  This  was  predicted  from  theory  | Perkins 
and  Kaw.  1971 ;  Perkins  et  al..  1974;  DuBois  and  Goldman. 
19721  and  experimentally  confirmed  at  Arecibo  ICarl.son  et 
al..  19721, 
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Figure  10*95.  The  gnmth  of  an  ionospheric  hole  ts  shown  in  this  sequence 
of  image*intensiiieij.  wide-angle  photographs  of  the  ex* 
panding  63(X)  A  airglow  cloud  produced  hy  excited  oxygen 
atoms  created  from  the  recombination  of  free  electrons  and 
molecular  ions  ((>:  ’ .  OH  ' .  H^O  ‘ )  pnxluced  by  exhaust 
molecules  (CO>.  H:.  and  ambient  atomic  tons  (O  * ). 
TinK’s  are  a.m..  PST  [Mcndillo  and  Baumgardner.  I9K2). 


The  king-wavelength  (~I  km)  field-aligned  irregulari¬ 
ties  giving  rise  to  artihcial  spread  F  lUtlaut  et  al.,  1970; 
Utlaut  and  Violelte.  1972:  Wright.  I973|  could  not.  how¬ 
ever.  be  explained  in  tenns  of  the  above  instability  process. 
The  causative  mechanism  for  the  generation  of  long  wave¬ 
length  irregularities  remained  obscure  for  quite  a  while  and 


is  now  attributed  to  either  a  thermal  self-focusing  mecha¬ 
nism  (Perkins  and  Valeo.  1974;  Thome  and  Perkins.  1974) 
or  the  alternative  mechanisins  of  stimulated  Brillouin  scat¬ 
tering  (Cragin  and  Fejer.  1974)  and  stimulated  diffusion 
scattering  [Goldman.  1974|. 

The  above  range  of  irregularity  scale  sizes  has  sufficient 
power  spectral  iniensity  to  cause  scintillation  of  radio  signals 
received  from  radic  stars  and  artificial  satellites.  This  was 
demonstrated  when  VHF/UHF  signals  transmitted  through 
the  artificially  heated  ionospheric  F  region  were  found  to 
exhibit  .scintillations  (Rufenach.  197.3;  Pope  and  Fritz.  1974; 
Bowbill.  1974).  Radio  star  scintillation  measurements  at  26 
MHz  during  ionospheric  mtxlification  indicated  the  presence 
of  either  rapid  and  random  or  deep  long-period  (~5  mins) 
fluctuations.  In  order  to,  avoid  some  of  the  difficulties  of 
radio  star  observations.  Bowhill  (1974)  performed  .scintil¬ 
lation  measurements  with  txith  geostationary  and  orbiting 
satellites  and  established  the  field-aligned  nature  of  the  ir¬ 
regularities  causing  VHF  and  UHF  scintillations,  their  trans¬ 
verse  scale  and  drift  speed.  One  feature  common  to  all  the 
above  studies  was  the  fact  that  the  heater  frequency  was 
below  the  plasma  f-equency  of  the  F  region.  The  magnitude 
of  scintillations  observed  on  transionospheric  communica¬ 
tion  channels  is  found  to  be  of  the  order  of  5  dB  at  2.S0 
MHz  when  the  nighttime  F  region  is  heated  by  -n  incident 
power  density  of  about  50  pwm  -  (Basu  et  al..  1980a]. 
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Figure  10-96.  Eftecis  prtHluced  by  gnuind-biiscd  irunMimtcr  of  p»>wcr  apenurc  i*f  the  order  of  lO"*  Mwm-  in  ihe  4-12  NiH/  frequency  range  linergy 
dcpt>sited  in  Ihc  ionospheric  plasma  alters  btith  the  thermal  and  nonihennal  pn>penies  of  its  charged  particle  populalitm  (\>'itn>lled 
experiments  ha\e  applications  to  aeromnny.  chemical  rates.  aUnnic  cross  sectitms.  communications,  and  a  numivi  ot  areas  td  plasma 
physics  (Carlson  and  Duncan.  I977|. 
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Since  the  first  detection  of  solar  radio  noise  in  1942, 
radio  observations  of  the  sun  have  contributed  significantly 
to  our  evolving  understanding  of  solar  structure  and  pro¬ 
cesses.  The  now  classic  texts  of  Zhele/nyakov  1 1964|  and 
Kundu  (19651  .sutiimarized  the  first  two  decades  of  solar 
radio  observations.  Recent  monographs  have  been  presented 
by  Kruger  ( 1979]  and  Kundu  and  Gergely  1 19801. 

In  Chapter  I  the  basic  phenomenological  aspects  of  the 
sun.  its  active  region.s.  and  solar  flares  are  presented.  This 
chapter  will  focus  on  the  three  components  of  solar  radio 
emission:  the  oasic  (or  minimum)  component,  the  slowly 
varying  component  from  active  regions,  and  tht  transient 
comjxinerit  from  flare  bursts. 

Different  regions  of  the  sun  are  observed  at  different 
wavelengths.  At  millimeter  wavelengths,  the  radiation  is 
from  the  photosphere.  Centimeter  wavelength  radiation 
originates  in  the  chromospneie  and  low  corona.  Decimeter 
aiid  meter  wavelengths  have  their  origin  at  increasing  heights 
in  the  corona:  at  meter  wavelengths  the  observed  radiation 
comes  from  heights  ranging  from  1()0  000  to  700  (XiO  km 
above  the  photosphere.  For  receiving  equipment  on  the  earth, 
the  low-frequency  limit  for  observation  is  the  frequency  at 
which  radio  waves  arc  reflected  by  the  ionosphere  (for  prac¬ 
tical  purposes,  around  20  MHz).  The  high-frequency  limit 
is  set  by  absorption  of  radiation  by  atmospheric  oxygen  and 
water  vap«ir.  Recently,  radio  experiments  on  satellites  have 
observed  hccfometric  wavelength  («2  MHz)  emission  that 
originate  at  heights  slO  solar  radii  (R  ).  This  leaves  only 
the  frequency  range  form  2  to  20  MHz,  corresponding  to 
emission  heights  of  ,2-10  R  ,  unexplored  by  radio  methods. 

11.1  BASIC  DEFINITIOINS 

If  the  sun  radiated  only.as  a  thermal  :source.  the  emitted 
energy  density  would  vary  w  ith  frequency  and  tempera  ere 
according  to  Planck's  radiation  law  .  In  the  radio  region,  the 
Raylcigh-Jeans  approximation  for  blackbody  radiation  is 
valid:  the  brightness,  radiance  per  unit  bandwidth,  is 

B,  -  2kTf-c  -  =  2kT\  -.  (1 1.1) 


If  the  frequency  f  is  in  cycles  per  second,  the  wavelength 
X  in  meters,  the  temperature  T  in  degrees  Kelvin,  the  ve¬ 
locity  of  light  c  in  meters  per  second,  and  Boltzmann's 
constant  k  in  joules  per  degree  Kelvin,  then  B|  is  in  W 
m  -Hz  'sr  '.  Values  of  temperatures  T|,  calculated  from 
Equation  ( 1 1 . 1 )  are  referred  to  as  equivalent  hkickbody  tem¬ 
perature  or  as  hi  if;htness  temperature  defined  as  the  tem¬ 
perature  of  a  blackbody  that  would  produce  the  observed 
radiance  at  the  specified  frequency. 

The  radiant  power  received  per  unit  area  in  a  given 
frequency  band  is  cailed  the  power  flux  density  (irradiance 
per  bandwidth )  and  is  strictly  defined  as  the  integral  of  Bidfl. 
between  the  limits  f  and  f  -i-  Af.  where  fi.  is  the  solid  angle 
subtended  by  the  source.  In  solar  radio  astronomy  the  re¬ 
lationship  used  is 

F.  =  Bill,  =  2kTjn.X  %  (11.2) 

where  the  apparent  or  disk  temperature  Tj  is  that  temperature 
which  a  uniform  source  of  the  same  angular  size  as  the  solar 
optical  disk  must  have  in  order  to  produce  the  power  flux 
density  F.  received  from  the  sun.  Values  of  power  flux 
density  are  usually  given  in  solar  flux  units  (I  solar  flux 
unit,  sfu  =  10  W  m  -  Hz  '). 

The  ptiwer  P.  received  at  the  antenna  due  to  solar  ra¬ 
diation  is  given  by: 

P.  =  FA.  (II 

where  A.,  is  the  effective  area  of  the  antenna.  P.  is  also 
conveniently  expressei'  in  terms  of  the  effective  antenna 
temperature  T  v  corrected  for  any  RF  losses.  T^  is  defined 
by 

P.  =  kT.vAf.  (11.4) 

T\  is  readily  measured  with  suitably  calibrated  instruments. 
The  equatiim  for  ealeulating  the  solar  power  flux  density 
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from  a  given  antenna  temperature  measured  at  a  given  in¬ 
stallation  is 

F,  =  2kTA^,  (11.5) 

Ac 

where  is  the  effective  area  of  the  antenna  in  square 
meters,  and  L  is  a  dimensionless  correction  factor  related 
to  the  antenna  response  shape  and  to  the  diameter  and  tem¬ 
perature  distribution  across  the  source.  The  value  of  L  is 
unity  only  if  the  antenna  half-power  beamwidth  is  large 
compared  to  the, source.  L  exceeds  unity  when  the  ratio  of 
the  antenna  half-power  beamwidth  to  the  solar  angular  di¬ 
ameter  drops  liclow  about  five;  thus,  it  is  desirable  to  use 
a  parabola  small  enough  so  the  half-power  beamwidth  is 
more  than  five  fmes  the  solar  angular  diameter.  Once  the 
solar  flux  density  is  known,  the  apparent,  temperature  and 
the  brightness  of  the  solar  disk  may  be  calculated  from 
Equation  ( 1 1 .2). 

11.2  THE  MINIMUM  (ZERO-SUNSPOT) 
COMPONENT 

The  standard  method  fo,-  obtaining  the  basic  radio  flux 
density  of  the  unspotted  sui  is  to  make  a  scatter  plot  of 
.solar  temperature  at  a  given  frequency  against  the  projected 
sunspot  area;  the  extrapolation  of  the  curve  that  best  fits 
these  data'  to  zero  sunspot  area  determines  the  minimum  or 
basic  flux  density  at  tiiat  frequency.  By  doing  this  for  all 
frequencies,  one  determines  the  spectrum  of  the  basic  com¬ 
ponent  of  solar  radiation.  Figure  il-l  shows  the  distribu- 
tic.ns  of  power  flux  density  for  the  sun  and  for  black  bodies 
at  various  temperatures.  It  is  only  at  millimeter  and  shorter 
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wavelengths  that  solar  radio  emission  approximates  a  6000 
K  blackbody.  At  wavelengths  longer  than  1'  cm,  the  equiv¬ 
alent  blackbody  temperature  ranges  between  10*  to  10*  K 
for  the  spotless  sun  and  from  10*  to  10'°  K  foi  the  disturbed 
sun  depending  on  the  condition  of  the  sun  and  the  time  in 
relation  to  the  11 -year  sunspot  cycle.  Meter  wavelengths 
are  characterized  by  much  burst  activity;  thus,  the  basic  (or 
minimum)  sun  temperatures  at  these  wavelengths  are  de¬ 
termined  by  making  observations  over  a  period  of  weeks  or 
months.  The  low  temperature  to  which  the  sun  periodically 
returns,  but  never  goes  below,  during  this  jjeriod  is  taken 
to  be  the  zero-sunspot  value;  it  is  of  the  order  of  10*  K 

11.3  THE  SLOWLY  VARYING 
COMPONENT 

The  slowly  varying  component  (SVC)  exhibits  a  well 
defined  1 1 -year  cycle  variation  and  a  27-day  solar-rotation 
variation,  since  this  emission  originates  principally  in  co¬ 
ronal  condensations  overlying  active  regions,  and  is  well- 
correlated  with  sunspot  number.  The  routine  daily  mea¬ 
surement  of  the  combination  of  the  basic  (or  minimum) 
component  and  the  SVC  of  solar  radio  emission  is  referred 
to  as  the  quiet  sun  flux  density.  The  SVC  of  the  sun  as  a 
whole  is  obtained  by  subtracting  the  basic  component  from 
the  quiet-sun  flux  density.  The  SVC  of  individual  active 
regions  can  be  obtained  by  either  eclipse  observations  or 
interferometric  measurements. 

11.4  THE  BURST  COMPONENT 

During  solar  flares  (Chapter  1)  there  may  be  large  in¬ 
creases  (bursts)  in  radio  emission  lasting  anywhere  from  a 
few  seconds  to  several  hours.  These  bursts  originate  by 
bremsstrahlung.  gyrosynchrotron,  and  plasma  radiations. 
Character;. '  ics  of  the  bursts  vary  with  wavelength.  Bursts 
in  the  meter- wave  range  ( 12  m  to  about  50  cm)  are  classified 
by  spectral  type.  No  sj^iectral  classification  exists  for  the 
decimeter  or  centimeter  wave  regions. 

11.4.1  Meter-Wave  Range  (25  -  500  MHz). 

Most  information  on  solar  bursts  in  the  range  from  12 
m  to  alHJut  50  cm  is  obtained  from  swept-frequency  obser¬ 
vations.  Dynamic  spectra  are  displayed  on  a  cathode-ray 
tube  and  recorded  photographically  as  a  series  of  intensity- 
modulated  traces  that  give  intensity  as  a  brightening  in  the 
frequency-time  plane.  Figure  1 1-2  is  an  illustration  of  ideal¬ 
ized  dynamic  spectra  of  various  types  of  bursts.  These  spec¬ 
tral  types  are  discussed  below  in  the  oi  lerof  their  occurrence 
in  the  flare  event. 

Type  ill  bursts  are  the  most  common  type  of  solar  radio 
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Figure  1 1-2.  Idealized  illustration  of  the  record  of  a  complete  solar  radio 
outburst  as  recorded  by  a  dynamic  spectrograph  at  meter 
wavelengths. 

activity.  They  can  occur  either  singly  (duration  —5  s)  or  in 
groups.  Only  about  one-third  of  Type  III  bursts  are  asso¬ 
ciated  with  flares.  When  associated  with  flares,  however, 
the  timing  agreement  with  flare  impulsive  hard  x-ray  and 
microwave  emission  is  often  quite  good  (within  seconds). 
Type  III  bursts  are  caused  by  streams  of  ~  100  keV  electrons 
propagating  outward  through  the  solar  atmosphere  and  ex¬ 
citing  plasma  waves.  Because  of  their  relatively  high  drift 
rates  (20  MHz/s)  to  lower  frequencies,  they  are  referred  to 
as  fast  drift  bursts. 

Type  V  bursts  consi.st  of  a  broad  band  continuum  of 
short  duration  (~  1  min)  that  is  preceded  by  a  Type  III  burst 
and  accompanied  by  centimeter-wave  and  hard  x-ray  bursts. 
The  Type  V  burst  may  indicate  the  presence  of  a  particularly 
rich  stream  of  electrons,  part  of  which  is  trapped  in  the 
corona  and  becomes  visible  either  through  gyrosynchrotron 
radiation  or  plasma  waves. 

The  Type  II  burst,  or  siow-drift  (~0.2  MHz/s)  burst  is 
presumed  due  to  the  presence  of  a  shock  wave  propagating 
outward  through  the  .solar  corona  with  a  characteristic  ve¬ 
locity  of  1000  km/s.  The  disturbance  excites  plasma  waves 
at  the  local  plasma  frequency.  In  the  spectrograph  record, 
these  bursts  apftear  as  a  narrow  band  of  intense  radiation 
that  drifts  gradually  and  often  irregularly  from  high  to  low 
frequency.  About  609f-  of  all  Type  II  bursts  show  emission 
at  the  second  harmonic.  Type  II  bursts  are  closely  associated 
with  solar  flares. 

Type  IV  emission  has  at  least  three  disti.ict  components: 
these  components  can  not  be  separated  on  the  spectrograph 
record  and  can  only  be  distinguished  by  interferometers. 
Flare  cominuum  is  the  broad  band  emission  occurring  at 
meter  and  decameter  wavelengths  during  the  flare  impulsive 
phase.  Moving  Type  IV  bursts  involve  a  variety  of  forms, 
although  three  basic  types  have  been  recognized.  These  are 
the  magnetic  arch,  the  advancing  front,  and  the  isolated 
source  (ejected  plasma  "blob").  Both  the  flare  continuum 
and  moving  Type  IV  emissions  have  durations  s  10-60  min. 
While  the  moving  Type  IV  burst  travels  outward  through, 
the  corona  and  can  reach  heights  of  —  lO*  km  above  the 
photosphere,  the  final  stage  of  Type  IV  emission,  the  atorm 
continuum,  originates  low  in  the  corona  near  the  corre¬ 
sponding  plasma  level  and  directly  above  the  site  of  the 


optical  flare.  The  storm  continuum  can  last  for  several  hours 
and  often  degenerates  into  the  Type  I  noise  storms  wh.rre 
durations  range  from  hours  to  days.  In  contrast  to  the  flare 
continuum  and  moving  Type  IV  emissions  that  are  only 
weakly  polarized,  .storm  continuum  is  strongly  polarized  in 
the  ordinary  mode.  This  suggests  plasma  radiation  as  the 
.source  of  the  storm  continuum,  while  gyrosynchrotron  ra¬ 
diation  from  energetic  electrons  spiraling  in  weak  coronal 
magnetic  fields  are  generally  cited  as  the  source  of  the  flare 
eontinuum  and  moving  Type  IV  emissions. 

Type  I  events  are  distinguished  from  the  relatively  smooth 
broad-band  Type  IV  emission  by  the  presence  of  a  great 
number  of  short  ( —  1  s)  intense  bursts  superimposed  on  the 
background  continuum.  These  short  intense  bursts  are  dis¬ 
tributed  more  or  less  randomly  over  the  frequenev  range  of 
the  underlying  eontinuum.  Both  the  background  centinuum 
and  the  superimposed  bursts  are  strongly  circularly  polar¬ 
ized,  usually  in  the  ordinary  mode.  Type  I  radiation  appears 
to  be  more  closely  associated  with  certain  active  regions 
than  with  flares,  although  they  can  be  flare-initiated.  At 
present,  the  nicehanism  and  origin  of  Type  I  emission  are 
not  well  understtxxl. 


11.4.2  Dccinieter-Wave  Range 
(500  -  2000  MHz). 

At  decimeter  wavelengths  the  emission  is  highly  variable 
and  complex.  Rapid  time  structures  (several  peaks  per  min¬ 
ute)  are  often  observed  in  the  titne  profiles  of  decimetric 
radio  bursts  observed  at  discrete  frequencies,  and  the  re¬ 
lationship  of  these  fast  sfruenires  to  the  source  of  the  smoother 
emission  observed  at  centimeter  wavelengths  is  not  cle.ir. 
Individual  peaks  in  complex  events  are  often  strongly  i  :r- 
cularly  polarized  in  the  ordinary  mtxJe. 

11.4.3  Centimeter- Wave  Range 
(2000  -  35000  MHz). 

Solar  emission  in  the  1.5-1  cm  range  does  not  show  as 
rapid  fluctuations  as  emission  in  the  meter  and  de  cimeter 
ranges.  There  appear  to  be  at  least  two  basic  mo.rphological 
types  of  centimeter-wave  bursts.  The  first  of  tnese  is  the 
simple  impulsive  event  that  reaches  a  maximum  peak-flux 
density  ranging  from  10'  to  >10'*  sfu  in  a  few  minutes. 
Impulsive  bursts  are  interpreted  in  terms  of  gyrosynchrotron 
emission.  Complex  bursts  may  consist  of  several  impulsive 
events  in  sequence,  although  the  appearance  of  a  relatively 
smooth  bread  band  microwave  Type  IV  component  in  the 
later  stages  ot  many  complex  events  may  indicate  an  a.I- 
ditional  or  prolonged  acceleration  process.  The  second  of 
these,  the  gradual  rise  and  fall  microwave  burst,  may  occur 
by  itself  or  may  follow  an  impulsive  event  (monotonic  decay 
only),  in  which  case  it  i.s  referred  to  as  a  post-burst  event. 
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■igurc  1 1-.'.  The  l,imc-inlcnsity  profile  of  an  ipipulsivc  mierowave  burs! 

’eal;  flux  densities  of  these  gradual  events  seldom  exceed 
>0  sfu;  these  events  are  generally  explained  in  terms  of 
iremsstrahlung  from  a  Maxwellian  distribution  of  electrons, 
ixamples  of  the  time  profiles  of  microwave  bursts  observed 
It  Sagamore  Hill  Solar  Radio  Observatory  are  contained  in 
he  burst  atlas  compiled  by  Barron  et  al.  1 1980|.  A  typical 
mpulsive  event  i:  presented  in  Figure  11-3, 

Instantaneous  spectra  of  events  in  the  centimeter  fre¬ 
quency  range  arc  relatively  smooth  and  tend  not  to  have 
narrow-band  emission  features.  For  mcxleratc  sized  events 
:^l(X)  sfu).  the  peak-tfux-density  spectral  maximum  of  the 
emission  generally  occurs  at  frequencies  GHz.  For  the 
largest  events  with  centimeter  wave  peak  flux  densities  S 1000 
sfu.  the  emission  usually  extends  to  the  meter-wave  range 
where  it  often  exhibits  a  second  spectral  maximum  with  a 
minimum  occurring  at  the  intermediate  wavelengths.  This 
U-shaped  spectral  signature  (Figure  1 1-4)  is  thought  to  re¬ 
flect  the  fact  that  there  are  two  different  sources  of  burst 
radiation  (one  at  centimeter  waves  and  one  at  lower  fre¬ 


quencies)  with  different  electron  energy  distributions  and 
different  magnetic  fields  |Kundu  and  Vjahos.  1982). 


11.5  CORRECTIONS  TO  QUIET-SUN  AND 
BURST-FLUX  DENSITIES 

In  the  final  two  sections  of  this  chapter,  charts  and  tables 
of  burst  and  quiet-sdn  flux  densities  from  Sagamore  Hill 
Solar  Radio  Observatory  are  presented.  It  is  appropriate  to 
discuss  errors  of  absolute  calibrations  in  these  measure¬ 
ments.  In  1973.  a  report  |Taiiaka  et  al..  1973)  by  an  absolute 
calibration  working  group  formed  by  Commission  V  of  URSI 
was  published.  It  contained  corrections  for  Sagamore  Hill 
for  the  years  i966-l97I.  For  the  years  1972-1976,  cor¬ 
rection  factors  were  taken  from  the  lAU’s  Quarterly  Sulletin 
of  Solar  Activity.  For  1977-1979.  correction  factors  were 
derived  by  extrap-  lation  from  previous  years  and  cornn.ir- 
ison  of  the  Sagai  .iui  -  Hill  quiet-sun  flux  densities  with  l  tose 
of  other  solar-p  trol  observafpries.  For  245  MHz,  a  sub¬ 
stantial  correction  factor  (1.55)  was  applied  to  all  the  data 
fis  a  result  of  an  absolute  calibrations  measurement  (using 
the  radio  source  Cassiopeia  A)  carried  out  at  Sagamore  hill 
in  1980.  The  multiplicative  flux-density  correction  factors 
for  the  five  frequencies  for  which  data  are  presented  are 
listed  in  Table  11-1.  Before  prtKessing  the  data  presented 
below,  these  correction  factors  were  applied  to  the  Sagamore 
Hili  burst  and  quiet-sun  data. 


11.6  QUIET-SUN  FLUX-DENSITY 
MEASUREMENTS 

Solar  microwave  emission  correlates  well  with  solar  EUV 
flux  (Forbes  and  Straka.  1973).  a  fact  which  makes  it  useful 
as  an  input  to  ionospheric  models  in  lieu  of  the  more  di.Ticult 
to  obtain  sunspot  number  and  EUV  flux.  For  this  reason, 
the  1965  edition  of  the  Handbook  of  Geophysics  included 
a  table  of  the  daily  quiet-sun  (non-bursting)  flux  densities 
.observed  at  2800  MHz  (10.7  cm  wavelength)  by  the  Na¬ 
tional  Research  Council  in  Ottawa.  Canada  from  1947  to 
mid-1963.  We  continue  the  table  in  this  handbook  using 
Ottawa  data  through  1 965  and  Sagamore  Hill  data  thereafter. 
In  addition,  the  88(X)  MHz  quiet-sun  flux-density  values 
from  Sagamore  Hill  are  included. 

In  Table  11-2  we  present  the  observed  daily  solar  flux 
density  value  measured  at  2800  MHz  at  Ottawa  for  the  years 
1963-1965  and  the  2695  and  8800  MHz  flux  density  values 
measured  at  the  Sagamore  Hill  Radio  Obserxatoiy  from 
January  1966  through  December  1979.  It  should  be  noted 
that  these  are  observed  values  and  not  values  adjusted  to  1 
AU.  The  values  are  taken  at  local  noon  at  the  Sagamore 
Hill  meridian.  This  is  done  so  that  the  radiation  will  have 
passed  through  the  shortest  path  in  the  earth’s  atmosphere 
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Figure  11-4.  The  peak  nuit-<kn%itv  spccinim  of  a  large  microwave  butsl.  The  U-shape  is  characteristic  for  large  microwave  bursts  with  peak  flus  density 
■>  1000  sfu 

and  be  subject  to  the  minimum  atmospheric  attenuation.  In  Note  the  asterisk  (*)  between  the  2695  MHz  flux-density 

some  instances  this  meridian-transit  observation  is  not  pos-  value  and  the  8800  MHz  flux-density  value  on  son;e  days, 

sible  because  a  solar  radio  burst  is  in  progress  at  that  time.  This  indicates  that  there  were  adverse  weather  conditions. 

When  this  happens,  the  observation  is  taken  as  soon  as  it  usually  rain  or  snow,  present  wheit  the  observations  were 

has  been  determined  that  the  radio  burst  has  ended.  In  vir-  being  made.  These  conditions  will  cause  the  signals  received 

tually  all  cases  this  was  within  an  hour  of  the  time  of  me-  to  be  further  attenuated.  The  asterisk  indicates  that  some 

ridian  transit  so  that  the  added  attenuation  Jue  to  the  in-  adjustment  has  been  made  to  the  observed  value  to  corn- 

creased  atmospheric  path  length  was  negligible.  pensate  for  this  problem. 


Tabic  M'!.  Calibration  awrection  taclors.  Saganxrre  Hill,  1966-1979. 


Year 

245  MHz 

610  MHz 

1415  MHz 

2695  MHz 

8800  MHz 

I96<; 

— 

0.91 

1.16 

0.90 

0.91 

1967 

— 

0.91 

1.16 

0.90 

0.91 

1968 

— 

0.91 

1.16 

0.90 

0.95 

1969 

1.55 

0.91 

1.16 

0.94 

1.00 

1970 

1.55 

0.91 

1.16 

0.94 

1.00(2) 

1971 

1.55 

0.91 

1.16 

0.94 

1.00(2) 

1972 

1.55 

0.91 

1.08 

0.93 

0.95 

197.1 

1.55 

0.91 

1.03 

0.91 

0.90 

1974 

1 .55  . 

0.91 

1.05 

0.90 

0.90 

1975 

1.55 

0.91 

1.05 

0.90 

0.87 

1976 

1.55 

0.92 

1.08 

0.90 

0.85 

1977 

1.55 

1.00 

1.06 

0.88 

0.88 

1978 

1 .55 

1.00 

1.06 

0.85 

0.87 

1979 

1.55 

1.00 

1.06 

0.85 

0.84 

Soli's:  (I)  For  the  period  9  June  to  .^I  August  1967.  all  2695  MH/  burst  and  daily  flux-density  values  should  be  multiplied  by  I  l.V 
(21  For  the  period  I  November  19'70  u,  .11  .August  1971.  all  XS(HI  MH/  trjrst  ard  dydy  flu.x -density  values  should  be  multiplied  by  1.14. 
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11.7  SOLAR  RADIO-BURST 

CLIMATOLOGY  BASED  ON 
1966-1978  SAGAMORE  HILL 
OBSERVATIONS 

In  addition  to  its  role  in  maintaining  the  ionosphere,  the 
sun  is  the  most  powerful  natural  source  of  radio  interference 
to  ground-based  or  near-earth  (aircraft'  or  satellite)  radio 
receivers.  Tuerefore.  it  is  of  interest  to  designers  and  op¬ 
erators  of  radio  receiving  equipment  to  have  information  on 
what  sort  of  interference  one  might  expect  from  the  sun  at 
different  frequency  ranges  in  the  radio  spectrum  and  over 
what  percentage  of  time  the  interference  might  occur  (above 
a  cenain  intensity  level).  Since  radio  burst  emission  from 
the  sun  varies  unpredictably  over  a  wide  range  of  frequen¬ 
cies.  one  can  only  give  the  statistical  likelihood  of  certain 
levels  being  exceeded  at  various  frequencies  (or  frequency 
ranges)  of  interest.  We  call  this  body  of  statistics  on  solar 
radio-burst  occurrence  “climatology."  Burst  climatology  is 
provided  by  Sagamore  Hill  observations  at  245, 610,  1415, 
2695,  and  8800  MHz  ICastclIi  et  al.,  1973).  Observations 
at  245  MHz  began  in  March  1969;  observations  for  the  other 
listed  frequencies  began  in  January  1966. 

To  produce  a  useful  solar-burst  “climatology”,  one  must 
first  determine  what  intensity  (flux-density)  level  a  burst 
must  reach  to  interfere  with  operational  systems.  Since  ra¬ 
dio-burst  emission  occurs  over  only  a  very  small  fraction 
of  the  time  that  any  system  is  exposed  to  the  sun’s  steady- 
state  (quiet-sun)  radio  emission,  the  “disruptive"  level  of 
burst  emission  must  be  significantly  greater  than  the  quiet- 
sun  flux-density  levels  which  vary  over  the  11 -year  solar- 
activity  cycle  (Figure  11-5). 

Since  the  quiet-sun  flux  densities  are  different  at  dif¬ 
ferent  frequencies,  one  cou’d  choose  a  burst  level  greatly 
exceeding  the  quiet-sun  level  at  any  frequency  covered  in 
the  climatology  study  (1000  sfu.  for  example).  One  could 
also  choose  a  burst  level  at  each  frequency  that  is  a  fixed 
multiple  of  the  mean  monthly  quiet-sun  emission  (for  ex- 


Figure  1 1-5.  Yearly  quiet-sun  flux  densities  for  several  fa'quencics  mea¬ 
sured  at  Sagamore  Hill. 
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Table  1 1 -2a.  Daily  values  of  observed  solar  flux  density  at  2800  MHz 
recorded  at  the  Algonquin  Radio  Observatory  ( ARO)  of  the 
National  Research  Council.  Ottawa.  Canada. 
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Tabic  I  l-2h.  Daily  values  ol' observed  M»lar  p»mer  flux  denvties  at  2*W5  and  HWX)  MH/.  Recorded  at  the  AFCRL  AKJL  Su|!arTH>re  Hill  Radio  Observatory 
(S(iMR):  Hamilhm.  Massachusetts. 
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SOLAR  RADIO  EMISSION 


TiMcIlOh  ((tMttniloJl 


JRNUMV 
M99  MOO 
iMz  loa 

rrtKUMv 
2999  9900 
HM2  f9<2 

tWPCM 
2999  9900 
iMZ  we 

RMtL 
2999  9900 

we  we 

fvvy' 

2999  9900 

we  we 

AMC 

2999  9900 

we  we 

JULY 

2999  9900 
1911  MMl 

AU0U9T 
2999  9900 

mi  mi 

tCFTOltCR 
2999  0800 

m2  m2 

OCTOBCt 
2999  8800 

mz  mz 

■OVCKKI 

2999  8800 

mz  mz 

OCCOlitI 
2999  8200 
mz  MM7 

ia»*  277 

133 

293 

133 

300 

1194  292 

IC3*  31* 

122 

279 

119  293 

94*  290 

143 

294 

121 

280 

139  303 

193 

319 

t27*  27< 
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309 
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199 

324 
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293 
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ample,  five  times  the  quiet-sun  level).  This  climatology 
presents  results  using  both  approaches. 

With  regard  to  the  statistics  of  burst  levels  over  a  certain 
threshold  (flux-density  level),  one  might  want  to  know  how 
many  level-exceeding  bursts  occur  in  a  given  period  (in  a 
24-hr  day,  for  exairple).  One  might  also  like  to  know  for 
what  fraction  of  time  (min  per  24-hr  day,  for  example)  do 
bursts  remain  above  a  certain  threshold.  Again,  both  kinds 
of  statistics  are  presented  in  this  climatology. 

The  radio-burst  climatology  presented  here  is  based  on 
routine,  daily,  whole-sun  patrol  observations  made  at  the 
Sagamore  Hill  Radio  Observatory  over  the  years  1966  to 
1978.  This  period  covers  the  declirie  from  the  maximum  of 
the  20th  solar  cycle  (a  relatively  low-amplitude  cycic)  thnxigh 
the  minimum  (around  1976)  to  the  rising  portion  of  the  new 
(and  higher-amplitude)  21st  solar  cycle.  Data  from  the 
1965-1978  period  should  provide  a  reasonable  mea.sure  of 
the  intensity/duration  parameters  of  solar-burst  radio  emis¬ 
sion  during  the  least  and  most  disturbed  portions  of  the  solar 
cycle. 

The  Sagamore  Hill  data  on  radio  bursts,  published  rou¬ 
tinely  in  Solar  Geophysical  DaiaiSGD)  are  given  in  terms 
of  the  lollowing  parameters:  the  peak  flux  density  Sp  (sfu). 
the  mean  flux  density  S„,^.  (sfu)  and  the  duration  (min)  Tj 
from  start  to  end.  These  parameters  are  illustrated  for  the 
idealized  burst  in  Figure  1 1  -t>.  The  area  under  the  curve  is 


Figure  11-6  BurM  parjuKicrs  iJcpKfcd  ^  typical  micri»havc  event 
The  Nvmhi»|s  are  explained  in  the  text 


the  time-integrated  flux  density.  The  ttwan  flux  density  S„,, 
is  defined  as  the  amplitude  (flux  density  I  of  a  rectangle  with 
area  equal  to  the  time-integrated  flux  density  and  duration 
equal  to  the  burst  duration  Tj. 

In  Figure  11-6.  we  have  also  shown  an  arbitniry  flux 
density  level.  S, .  In  the  climatology  study,  we  eventually 
want  to  dense  (from  the  ,SGD-listed  data  alone)  the  time 
tha*  hursts  exceed  a  certain  level.  To  illustrate  the  discussion 
that  follows,  we  have  shossn  the  level  S,  between  ,S,,  and 
S„K  lif  S,  -Sp,  the  hurst  would  never  exceed  the  arbitrary 


level).  We  have  also  shown  the  “above-thc-level”  time. 
T.,. 

For  <  Si .  the  longest  possible  length  of  time  that 
a  f  jrst  with  mean  flux  density  S„k  could  exceed  the  S, 
threshold  is  S^S,  x  Tj.  This  is  the  worst  case;  it  comes 
nowhere  near  representing  the  results  for  actual  bursts. 

In  similar  fashion  if  S„k  >  S,.  the  longest  possible  length 
of  level-exceeding  time  would  be  Tj.  Obviously,  this  max¬ 
imum  result  is  not  representative  of  T.,.  A  burst  with  an 
extremely  large  very-steep  peak  and  long  low'-level  tail  could 
have  its  mean  S„^  greater  than  S,.  yet  its  flux  density  could 
lie  below  S.  for  the  overwhelming  majority  of  the  burst 
duration  time  Tj. 

For  each  burst  there  is  a  factor  by  which  (Sr^S^.lj  r''i 
Smt  <  S,!  or  Tj,|for  S„„  >  S,|  exceeds  the  actual  alxive- 
the-level"  time  T, .  We  do  not  have  the  resources  to  r  '  over 
the  time  profiles  of  every  burst  at  each  frequency.  Therefore 
we  had  to  lcx>k  at  a  representative  sample  of  bursts  and 
derive  an  overall  factor  to  multiply  the  (S„,e/S,)Td  or  Tj 
obtained  from  the  SGD  data. 

Analysis  of  a  limited  number  of  relatively  large  events 
from  a  Burst  Atlas  compiled  by  Barron  et  al.  (1980)  shows 
that  the  factor  by  which  (S„J/S,)Tj  or  Tj  overstates  T,, 
varies  between  1.5  and  10.  independent  of  frequency,  with 
a  mean  of  about  3.  Therefore,  we  have  used  the  following 
relationships  to  derive  the  "above  the  level"  times  of  bursts 
from  the  flux-density  and  whole-burst  duration  data  listed 
in  Solar  Geophysical  Data: 


T.,  =  ^S„,^S,)  Tj  for  <  S, 
T"«/  —  j  Tj  for  -Sipj  >  Sj. 


(11.6) 


Having  dis-'u-.r^d  the  data  limitations  and  the  approxi¬ 
mating  adjustments,  we  now  present  the  '“suits  of  the  burst 
climatology  study.  In  Figure  1 1-7,  we  show  the  number  of 
bursts  (statistically)  per  24-hr  day  exceeding  500^(  of  the 
quiet-sun  (flux-dcnsiiy)  level.  The  numbers  are  given  for 
five  frequencies  (245  MHz.  610  MHz.  1415  MHz,  2695 
MH..  and  88(X)  MHz)  over  the  years  1966  to  1978.  In  Figure 
1 1-8  we  show  the  number  of  bursts  (statistically)  per  24  hr 
day  exceeding  a  flux-density  level  of  10  W/m-Hz  ( 10(X) 
sfu). 

In  Figure  1 1-9.  we  .-.I-ow  the  time  duration  (min  per  24- 
hr  day)  that  bursts' exceed  (statistically)  .5(K)5f  of  the  quiet- 
s;*'!  flux  density  level.  These  durations  are  given,  as  in  the 
previous  graphs,  fur  the  five  patrol  frequencies  over  the 
years  1966  to  1978  In  Figure  1 1-10  we  show  the  duration 
(min  per  24-hr  day )  that  hursts  exceed  (statistically  )  the  10 
W  m'  Hz  '  flux-density  level. 

The  burst  number  and  duration  statistics  (in  Figures  1 1- 
7  through  11-10)  are  given  on  a  "per  24  hr  day"  basis. 
Obviously,  the  sun  is  no:  in  view  (..vailable  to  provide 
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Figure  11-7.  The  number  ot  bursti  per  dty  that  exceeded  500%  of  the 
quiet-sun  flux-density  level  for  the  years  1966-1978. 


Figure  1 1-9,  The  number  of  minutes  per  day  that  solar  burst  radiation. 

at  various  frequencies,  exceeded  S009f  of  the  quiet-sun  flux 
density. 


interfeience)  24  hours  a  day  from  any  ground-based  oper¬ 
ating  location.  On  sites  far  from  the  equator  (high  latitudes), 
sun-in-view  hours  per  day  vary  widely  with  season.  Also, 
the  system  susceptible  to  solar  radio  interference  may  be  in 
operation  only  during  certain  hours  of  the  day  (or  night). 
Hence,  the  best  method  of  presentation  is  to  give  the  sta¬ 
tistics  on  a  “per  24-hr  day”  basis  and  let  the  user  determine 
what  fraction  of  his  operating  time  the  sun  is  actually  above 
the  horizon  to  provide  interference  to  his  system.  Finally, 
it  is  important  to  point  out  that  the  relatively  low  average 


“outage"  times  obtained  (~  I  min/day)  result  from  sporadic 
events  during  which  the  burst  radiation  from  the  sun  rnay 
exceed  the  indicated  threshholds  for  durations  ranging  from 
~  10  min  to  2  hours. 

At  the  higher  radio  frequencies  (above  500  MHz),  strong 
solar  radio,  interference  (above  the  quiet-sun  level)  occurs 
as  distinct,  individually-identiliable  radio  bursts.  The  bursts 
have  different  specttal  (frequency)  characteristics,  but  at  a 
given  frequency  the  burst  has  a  start  time,  a  peak  (or  several 
peaks),  and  a  time  of  decay.  At  lower  frequencies  (24S 
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Figure  n*8.  The  number  of  bursts  during  a  24*hr  day  that  exceeded,  at 
various  frequencies.  1000  s^u. 


Figure  I  l-IO.  The  number  of  minutes  per  day  that  so]ar-bur%t  radiation, 
at  various  frequencies,  exceeded  1000  sfu. 
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Figufc  ll-II.  The  lime-inlensily  profile  of  a  lypicil  24S  MHz  noise  stonn  observed  al  Sagamore  Hill. 


MHz.  for  example)  there  is,  in  addition  to  distinct  radio 
bursts.  aiKXher  phenomenon  known  as  solar  noise  storms. 
These  storms,  more  prevalent  during  the  sunspot-maximum 
portion  of  the  1 1 -year  cycle,  often  last  for  many  hours  and 
sometimes  last  for  a  period  of  days.  The  noise  storms  consist 
of  very  irregular  low-to^moderate  increases  in  solar  flux 
density  above  the  quiet-sun  level.  For  only  a  very  small 
portion  of  the  noise  storm's  duration  does  the  added  flux 
density  exceed  the  moderate  level  (for  example,  100  sfu). 
Figure  ll-II  shows  a  typical  example  of  such  a  noise  storm 
observed  at  245  MHz. 

Since  these  noise  storms  constitute  another  significant 
type  of  solar  radio  interference  for  systems  with  operating 
frequencies  belov  500  MHz,  we  have  also  included  a  sta¬ 
tistical  graph  on  noise  storm  duration,  based  on  our  245 
MHz  data.  See  Figure  11-12.  The  statistical  duration  is  given 
in  terms  of  minutes  of  noise  storm  occurrence  per  24-hr 
day.  The  shortened  period  plotted  (only  1970  to  1978)  gives 
some  indication  of  the  sunspot-cycle  variation. 


Figure  I  l-l.T.  The  uverage  nunber  of  minutes  per  24-hr  day  that  a  noise 
storm  was  reported  by  Sagamore  Hill  observatory  for  the 
years  1970-1978  The  large  peak  in  1978  may  be  due  (at 
least  partially)  to  a  change  in  reporting  procedures. 
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THE  AURORA 

Section  12. 1  J.  A.  Whalen 

Section  12.2  R.  R.  O'Neil  and  R.  H.  Picard 


12.1  PHENOMENOLOGY, 
MORPHOLOGY.  AND 
OCCURRENCE 

12.1.1  General  Characteristics  of  the  Aurora 

The  aurora  is  the  name  given  to  the  light  resulting  from 
the  precipitation  of  electrons  and  protons  from  the  mag¬ 
netosphere  into  the  earth’s  atmosphere.  This  light  consists 
of  atomic  line  spectra  and  mo'ecular  band  spectra  charac¬ 
teristic  principally  of  oxygen  and  nitrogen,  the  chief  con¬ 
stituents  of  the  upper  atmosphere  ionized  or  excited  by  col¬ 
lisions  with  these  precipitating  particles. 

Associated  with  auroral  precipitation  and  ionization, 
currents  called  auroral  electrojet  currents  can  flow  in  the 
atmosphere.  These  cut  rents  produce  magnetic  fields  de¬ 
tectable  at  ground  level  by  magnetometers  and  form  the 
basis  for  magnetic  indicators  of  auroral  activity  (see  Chapter 
4). 

Subsection  12.1.1  is  a  qualitative  introductory  discus¬ 
sion  of  the  geneiul  classes  of  aurora  in  terms  of  the  precip¬ 
itating  particles,  the  source  of  each  type  of  particle  in  the 
earth's  magnetosphere,  the  energy  spectrum  of  each,  the 
height  at  which  each  produces  maximum  ionization  and 
excitation  in  the  earth’s  atmosphere,  the  resulting  electron 
density  for  each,  the  spatial  structure  of  each,  and  a  map 
of  the  general  global  morphology  of  each.  The  succeeding 
subsections  provide  tables,  graphs,  and  definitions  that  spec¬ 
ify  and  characterize  auroral  properties  in  as  quantitative 
terms  as  are  currently  available. 

12.1.1.1  Particle  Energy — Ionization  and  Excitation 
Height  Relation..  Particles  penetrate  into  the  atmosphere 
to  a  height  dependent  on  tneir  initial  kinetic  energy,  the 
higher  the  energy  the  deeper  the  penetration  and  therefore 
the  lower  the  altitude  of  the  resulting  ionization  and  exci¬ 
tation. 

The  condition  for  electrons  (monoenergetic  and  iso¬ 
tropic)  i;.  shown  in  a  graph  of  height  of  maximum  puniuction 
of  ionization  versus  electron  energy  in  Figure  12-1.  Note 
that  the  height  scale  is  divided  into  three  .sections  which  are 
the  three  fundamental  altitude  regimes:  the  D  region  (50-90 


km),  E  region  (90-160  km),  and  F  region  (160-500 -I-  km), 
Tlie  particle  energies  and  morphologies  of  each  are  depen¬ 
dent  on  the  source  regions  in  the  magnetosphere. 


Figure  i2-l .  Altitude  of  maximum  production  of  ionization  in  the  upper 
atmosphere  by  auroral  electrons  as  a  function  of  incident 
electron  kinetic  energy.  Calculation  by  Rees  (1964)  assumes 
mono-energetic  electrons  of  isotropic  incidence.  Da^ed  lines 
arc  the  approximate  boundaries  M  the  D,  E,  and  F  rgions 
which  are  the  principal  ionospheric  altitude  regions. 

12.1.1.2  Particle  Energy — Magnetosphsric  Regime 
Rzlation.  These  general  source  regions  are  the  magne- 
to,sheath.  the  plasmitsheet,  and  the  Van  Allen  or  so-called 
trapped  radiation  belts.  These  regions  are  occupied  by  elec¬ 
trons  of  kinetic  energies  of  ~0. 1  keV,  1-10  keV,  and  >40 
keV,  respectively.  (Protons  also  exist  in  these  regions,  the 
energies  of  which  are  greater  than  electron  energies  by  a 
factor  of  ~5). 

Quite  fortuitously,  electrons  that  precipitate  into  the  at¬ 
mosphere  with  energies  characteristic  of  these  three  mag- 
netospheric  regimes  produce  maximum  ionization  and  ex¬ 
citation  in  the  three  different  altitude  regimes;  that  is.  ~0. 1 
keV  electrons  ionize  principally  at  heights  in  the  F  region, 
1-10  keV  in  the  E  region,  and  >40  keV  in  the  D  region. 

A  cross  section  of  .he  magnetosphere  through  the  nwn- 
midnight  meridiati  schematically  defines  these  regions  to- 
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gether  with  their  particle  pop'ilatlons  and  asstKiated  ionos¬ 
pheric  height  regimes  (Figure  12-2). 

The  origin  of  the  magnetoshcath  plasma  is  the  solar  wind 
proton-electron  plasma,  which  is  approximately  thermalized 
in  passing  through  the  bow  sluKk  on  the  solar  side  of  the 


Figure  12-2,  Schematic  of  the  magnetosphere  of  the  eanh  in  mxm-mid- 
night  cfDNs  section  shouing  principal  magnctosphcric  do¬ 
mains,  the  asstKiated  particle  populations  via  representative 
electron  kinetic  energy,  Ec.  and  the  ionospheric  region  (P. 
E  i>r  Dt  in  which  these  particles  priKiuce  maximum  Ioni¬ 
zation. 

magnetosphere.  These  magnetosheath  particles  are  thought 
;o  be  the  source  of  the  plasma  sheet  particles  and  they,  in 
turn,  to  be  the  source  of  the  Van  Allen  radiation  belt  par¬ 
ticles.  However,  the  route  of  entry  of  the  particles  into  thc.se 
two  regimes  and  the  priKcsses  by  which  they  are  accelerated 
arc  not  undcrsnxKl.  As  such,  they  remain  the  fundamental 
unresolved  questions  of  magnctospheric  physics  and  the 
subject  of  much  active  research  (see  Chapter  8).  It  is  not 
the  purpose  here  to  deal  with  these  questions,  but  it  is  well 
to  note  that  the  fundamental  links  between  the  magneto¬ 
sphere  and  the  ionosphere  make  the  ion<»spheric  measure¬ 
ments  important  ways  of  probing  the  magnetosphere  in  pur¬ 
suit  of  these  answers. 

12. 1.1.3  Spatial  Structure.  Another  key  distinction  that 
one  must  make  between  auroras  is  their  spatial  structure, 
that  is.  whether  they  are  relatively  structured  or  unstruc¬ 
tured.  This  distinction  is  most  evident  in  the  I  to  10  keV 
plasmashect  precipitation,  which  represents  the  bulk  of  the 
energy  of  auroral  precipitation.  Here  the  structured  com¬ 
ponent  is  known  as  the  discrete  aurora.  Since  it  is  the  most 
visible,  it  is  popularly  known  as  "the  aurora".  The  unstruc¬ 
tured  component  is  known  as  the  continuous  aurora  (also 
called  mantle  and  diffuse  aurora).  Although  often  neglected 
because  its  faintness  and  absence  of  contrast  make  it  difficult 
to  observe,  this  unstructured  aurora  comprised  SOCf  of  the 
total  energy  input  into  the  polar  region  at  solar  maximum 


(IGY)  and  50%  in  solar  minimum  (IQSY)  (Sandford,  1968). 

These  two  structural  types  can  be  distinguished  in  the 
large  scale  photographs  of  the  aurora  by  the  Defense  Me¬ 
teorological  Satellite  System  (DMSP)  (Figure  12-3).  The 
bright  structured  fo.ms  at  high  latitude  are  the  discrete  au- 


Figure  !  2-3.  Two  DMSP  phi>togrdphs  showing  the  midnight  aumra  acros.s 
the  North  American  continent  defined  by  city  lights. 

roras;  the  relatively  faint  glow  at  lower  latitudes  is  the  con¬ 
tinuous  aurora.  City  lights  show  the  location  and  scale  of 
the  photographs. 

12.1.1.4  Morphology  of  the  E  Region.  The  most  fa¬ 
miliar  model  of  the  aurora  is  the  Feldstein  and  Starkov 
11967]  auroral  oval,  a  statistical  compilation  as  determined 
from  auroral  all-sky  camera  photographs  taken  during  the 
IGY.  The  oval  is  a  band  encircling  the  magnetic  pole  but 
displaced  eccentrically  to  higher  latitude  in  the  day  sector 
as  a  consequence  ol  the  distortion  of  the  earth's  magnetic 
field  by  the  solar  wind.  Figure  12-4  shows  the  oval  projected 
on  a  map  of  the  northern  hemisphere  in  magnetic  cixjrdinates 
IWhalen.  1970).  The  pattern,  fixed  with  respect  to  the  sun, 
is  shown  in  four  different  orientations  with  respect  to  the 
earth  at  the  indicated  values  of  UT.  With  increasing  mag¬ 
netic  activity,  the  oval  expands  and  moves  equatorward. 

The  oval  typic^l  of  modercte  conditions  (that  designated 
by  the  magnetic  index  Q  =  3)  will  be  used  to  form  a  ref¬ 
erence  sy,.tem  for  other  types  of  auroras.  The  coordinate 
system  of  the  oval.  Corrected  Geomagnetic  Latitude  and 
Corrected  Geomagnetic  Local  Time,  is  shown  in  six  dif¬ 
ferent  plots  in  Figure  12-5.  The  Q  =  3  oval  is  drawn  in 
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Figure  12*4.  The  auntral  ovat.  (he  I(kus  of  maximum  discrcic  (E)  auixirat 
activity.  pri>icc(cd  on  the  north  polar  region  as  mapped  in 
Corrected  Geomagnetic  latitude  and  longitude.  The  orien¬ 
tations  of  the  oval  at  four  different  values  of  UT  arc  shown. 


each  plot  bounded  by  the  heavy  lines.  The  shaded  areas 
schematically  map  the  lypes  of  auroras  differentiated  as  to 
structured  (top  row)  and  unstructured  (bottom  row),  and  to 
particle  energy/ionospheric  regime  by  columns. 

The  E  type  auroras  appear  in  the  center  column  of  Figure 
12-5,  the  discrete  auroral  oval  itself  (above)  and  the  con¬ 
tinuous  aurora  (below).  The  continuous  aurora  tends  to  over¬ 
lap  the  oval  in  the  night  .sector  | Whalen  et  al.,  19771.  Hut 
to  locate  equatorward  of  the  oval  in  the  day  sector  |  Whalen 
et  al.,  19711.  |n  quiet  times  the  discrete  aurora  disappears 
entirely  and  the  continuous  aurora  remains  [Wagner  et  al.. 
197.1 1 .  Although  the  continuous  aurora  forms  a  band  that 
encircles  the  pole  for  all  levels  of  ac.ivity.  its  location  can 
change  and  the  total  energy  fluxes  can  vary  by  several  or.icrs 
of  magnitude.  In  terms  of  the  magnetosphere,  the  continuous 
aurora  appears  to  be  precipitation  from  the  plasma  sheet, 
both  having  energy  spectra  which  can  be  described  as  Max¬ 
wellian  (Rearwin  and  Hones,  1974). 

The  discrete  auroral  particles  also  apparently  arise  from 
the  plasma  sheet  but  undergo  additional  accelerations.  A 
further  distin,:tion  is  that  the  continous  aurora  can  result 
from  both  ele.'tron  and  r.roton  precipitation.  The  discrete 


aurora  results  from  electrons  alone  since  protons  effectively 
diffuse  throughout  distances  of  a  few  hundred  kilometers  in 
the  atmosphere.  The  continuous  aurora  will  be  examined  in 
detail  in  a  subsequent  section. 

12.1. 1.5  Morphology  of  the  F  Region.  The  F  precipi¬ 
tation  appears  to  have  structured  and  unstructured  compo¬ 
nents  analogous  to  the  E  region  (for  example,  all-sky  p’.io- 
tometric  observations  of  Mende  and  Eather  [1976]).  The 
location  of  each  appears  to  be  statistically  well  represented 
by  the  oval — whether  there  are  differences  in  the  morphol  • 
ogy  of  the  two  is  not  known.  The  ionosphere  at  F  layer 
heights  exhibits  irregular  and  spread  conditions  throughout 
these  regions  of  soft  precipitation.  In  addition,  the  polar  cap 
(the  circular  area  poleward  of  the  oval)  is  also  a  region  of 
spread  F. 

An  additional  ionospheric  region  of  importance  is  the  F 
layer  trough,  a  region  of  low  ionization  5°- 10°  wide  located 
equatorward  of  the  oval  in  the  night  and  evening  sectors 
(Muldrew.  1965).  The  polew-ard  edge  or  wall  of  the  F  layer 
trough  is  a  region  of  large  electron  density  gn  -iients  that 
can  cause  large  refractions  and  thus  large  departures  from 
great  circle  propagation  paths  for  HF.  Buchau  et  al.  1 1978) 
treat  a  specific  case.  Pike  1 1976)  has  developed  an  analytical 
model  of  the  F  layer  trough  wall. 

These  F  region  precipitation  patterns  are  shown  in  the 
left  column  of  Figure  12-5.  Thermalized  solar  wind  from 
the  magnetosheath  impinges  directly  on  the  atmosphere  to 
produce  the  dayside  region  but  not  the  night  sector  regions, 
the  field  lines  for  which  map  down  from  the  plasma  sheet. 
In  any  case  the  regions  are  continuous  in  local  time  as 
shown. 

One  of  the  complications  in  the  F  layer  is  that  the  regions 
of  prixluction  of  ionization  are  not  necessarily  the  bounds 
of  the  location  of  the  ionization.  This  is  because  ions  in  the 
F-layer  .lave  relatively  long  lifetimes  during  which  they  can 
be  transported  considerable  distances  from  their  origin. 

12.1.1.6  Morphology  of  the  D  Region.  The  unstruc¬ 
tured  component  of  the  D  region  precipitation  exists  as  a 
band  generally  a  few  degrees  wide  ihat  extends  friim  mid¬ 
night  to  morning  and  sometimes  is  entirely  circumpolar  [for 
example.  Ho<ik.  I968|.  In  quiet  times  its  locus  near  midnight 
is  the  equatorward  edge  of  the  continuous  aurora:  in  active 
times  the  distribution  can  be  quite  wide.  The  temptrral  char¬ 
acteristics  have  been  (he  subject  of  many  studies  [for  ex¬ 
ample  Hartz  and  Brice,  1967].  The  occurrence  of  'his  pre¬ 
cipitation  causes  D  region  HF  absorption  of  relatively  short 
duration  ( 15  minutes)  near  midnight,  longer  (1-2  hours)  in 
the  morning  sector.  Structured  D  region  auroras  seem  to  be 
associated  with  activity  in  the  night  sector  as.  for  example, 
w'ith  poleward  expanding  arcs  durir  ;  subsforms.  Thus  they 
are  traiisient  i.i  nature  and  occupy  the  midnight  sector  of 
the  auroral  oval.  The  patterns  for  the  D  region  are  shown 
schematically  in  the  righthand  column  of  Figure  12-5. 
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Figure  12-5.  A  schematic  represenialion  of  the  regions  of  structured  (li^  row)  and  unstructured  (bottom  row)  auroras  differentiated  as  to  ionospheric 
regime  (particle  energ;  I;  from  left  to  right.  Ft -0.1  keV).  Et  1-10  keV)  and  D(  >40  kcV).  Cwrdinate  systems  arc  CG  latitude  and  CG  local 
time.  The  0  =  •'  auroral  oval  is  dclined  by  the  heavy  solid  lines:  the  lix-ation  of  the  specific  auroras,  by,  the  shaded  areas. 


The  unstnictured  pattern  marks  the  region  in  which  ra¬ 
diation  belt  particles  "un-trap"  so  as  to  precipitate  into  the 
atmosphere.  Berkey  et  al.  |I974|  have  described  a  number 
of  events  in  which  the  dynamics  of  this  precipitation  are 
detailed. 

12.1.1.7  Composite.  In  Figure  1. '’.-5  two  generalizations 
can  be  made  regarding  the  unstructured  auroras.  First,  in 
the  day  sector  the  U,  E.  and  F  precipitation  and  ionization 
production  are  at  different  latitudes  (D  lowest.  E  interme¬ 
diate.  and  F  highest)  so  that  there  should  be  litlie  question 
as  to  their  separate  identities  Secono.  in  the  night  sector 
the  three  overlap,  a  condition  which  had  led  to  the  confusion 
that  they  are  a  single  phenomenon  since  they  can  be  in  the 
same  place. 

For  structured  auroras.  E  and  F  categories  are  apparently 
collocated  at  all  local  times  and  with  D  near  midnight.  Two 
features  are  of  note  regarding  the  relation  betw  een  structured 
and  unstructured  auroras.  AH  six  categories  overlap  in  the 
night  sector.  In  the  day  sector,  unstructured  F  auroras  due 
to  particles  of  magnetoshcatli  origin  are  colhicaled  with 
structured  E  and  discrete  aurora,  the  energies  of  which  cor¬ 
respond  to  those  of  the  plasma  sheet.  This  has  lead  to  the 


parado)tical  situation  that  the  F  region  has  been  correctly 
defined  as  being  the  Feldstein  oval  in  the  dayside  because 
the  photographs  have  detected  structured  E  auroras  (un¬ 
accountably)  in  the  same  location  as  the  unstru''tured  F 
auroras. 

The  foregoing  is  not  intended  to  be  a  complete  descrip¬ 
tion  of  the  auroral  ionosphere  but  is  intended  to  identify  the 
minimum  distinctions  necessary  for  such  a  description.  Fig¬ 
ure  12-5  presents,  schematically,  all  six  of  these  phenomena 
together  in  hopes  of  clarifying  their  existence  and  inter¬ 
relation  about  whicn  a  great  deal  of  confusion  exists. 

12.1.2  Distribution  of  Auroras  in  Magnetic 
Latitude  and  Local  Time 

The  global  distribution  of  auroras  has  proved  to  be  a 
difficult  subject  to  quantify.  A  principal  reason  is  that  most 
studies  have  failed  to  distinguish  among  the  large  number 
of  auroras,  each  of  which  can  exhibit  quite  independent 
brightness,  and  iiK'ation  on  a  small  and  large  scale,  short 
and  long  term. 

In  addition,  studies  have  been  necessarily  piecemeal. 
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ground  based  studies  being  too  small  in  scale  and  satellite 
studies  being  too  short  in  time.  The  Dynamics  Explorer 
(DE)  imager  addresses  these  contradictory  elements,  and  if 
it  can  distinguish  between  the  classes  of  auroras,  promises 
to  provide  valuable  information  in  this  area. 

At  the  present  time,  the  available  distributions  are  gen¬ 
erally  statistical  in  nature  and  fall  into  two  categories;  mor¬ 
phology  of  the  aurora  on  the  one  hand  and  average  values 
of  parameters  on  the  otner.  However,  the  former  is  accom¬ 
plished  without  regard  to  intensity  and  the  latter  confuses 
intensity  with  location  or  frequency  of  occurrence  so  that 
the  numerical  values  do  not  represent  actual  values.  In  ad¬ 
dition  these  statistical  measurements  are  ordered  through  a 
magnetic  index  (usually  Kp)  that  encompasses  a  large  va¬ 
riety  of  auroral  conditions. 

A  second  approach  has  shown  progress  in  deitning  quan¬ 
titatively  the  instantaneous  distribution  of  one  of  these  classes 
of  aurora — the  continuous  aurora — throughout  nearly  its  en¬ 
tire  latitude- local  time  extent.  It  finds  that  no  single  param¬ 
eter.  magnetic  or  otiierwise.  can  quantitatively  describe  the 
intensity  and  location  of  this  aurora  since  l^th  can  vary 
quite  independently.  Rather  this  approach  measures  both 
intensity  and  location  and  takes  these  param«;ters  to  be  fun¬ 
damental  auroral  indices. 

Unfor''jnately  neither  of  these  approaches  can  be  con¬ 
sidered  to  give  adequate  quantitative  descriptions  of  the 
aurora  in  this  scale  at  the  present  time:  the  statistical  ap¬ 
proach  because, of  inherent  limitations  and  the  instantaneous 
approach  because  it  has  been  demonstrated  to  date  only  on 
a  limited  basis.  Nevertheless,  this  section  svill  endeavor  to 
present  in  each  of  these  categories  the  best  results  which 
arc  available  at  the  present  time. 

12.1.2.1  Statistical  Distributions. 

Frequency  of  Occurrence — The  frequent  y  of  occurrence 
of  aurora  in  the  zenith  as  determined  by  all-sky  camera 
(ASCA)  in  one-half  hour  intervals  during  the  IGY  is  shown 
in  Figure  1 2-6.  The  70%  contours  define  a  band  which  was 
originally  named  the  auroral  oval  [Feldstein,  1966)  and  has 
since  been  called  the  auroral  oval  zone  or  the  statistical 
auroral  oval.  This  is  apparently  the  discrete  aurora  since  the 
continuous  aurora  has  generally  too  low  an  intensity  and 
presents  too  little  contrast  to  be  seen  in  the  zenith. 

The  Auroral  Oval — The  auroral  oval  (originally  called 
the  auroral  oval  belt)  is  a  band  encircling  the  pole,  the  high 
and  low  latitude  borders  of  which  are  the  average  locations 
of  the  edges  t/f  auroral  luminosity  seen  in  ASCA  photo¬ 
graphs  during  the  IGY.  Such  a  band  has  beer,  determined 
for  each  value  of  magnetic  index  Q.  where  Q  was  deter¬ 
mined  within  the  same  I.*)  minute  intervals  of  UT  in  which 
the  ASCA  photographs  were  taken  but  from  magnetometer 
measurements  in  the  midnight  sector  near  65°CG  latitude 
(Feldstein  and  Starkov.  1967!.  Figure  12-7  shows  examples 
of  ovals  for  three  values  of  Q. 

The  ovals  are  thinner  and  displaced  poleward  in  the  day 
sector.  In  addition,  the  day  and  night  sectors  differ  in  their 


Figure  12-6.  i^rcentage  of  occurrence  of  discrete  aurora  in  the  zenith  as 
recorded  by  ASCA  in  the  Northern  Hemisphere  during  the 
period  1957-1959. 


response  to  increasing  activity,  the  night  sector  expanding 
in  width  and  day  sector  moving  equatorward.  The  standard 
deviation  of  these  boundaries  is  about  1°.  No  clear  distinc¬ 
tion  is  made  between  discrete  and  continuous  auroras.  How¬ 
ever,  they  appear  not  to  be  exclusively  discrete  auroras. 
Since  the  measurements  were  generally  not  in  the  zenith, 
the  continuous  aurora  would  tend  to  be  visible  partici'larly 
at  large  zenith  angles  due  to  VanRhijn  enhancement.  Thus 
the  oval  borders  could  be  the  continuous  aurora  and  probably 
are  in  the  equatorward  region  since  the  discrete  aurora  tends 
to  be  absent  there  [Lui  et  al.,  1977;  Whalen,  1983). 

Although  no  intensity  information  was  recorded,  the 
oval  pattern  has  been  found  in  a  number  of  cases  to  be  quite 
representative  of  the  instantaneous  pattern  of  the  aurora  (for 
example,  the  DE  image — Figure  12-25  in  Section  12.2). 

The  solar  cycle  dependence  of  the  oval  is  such  that  at 
sola'  minimum  the  midnight  sector  (the  only  .sector  reported) 
was  displaced  1°  to  2'"  poleward  of  its  location  at  solar 
maximum  (Starkov  and  Feldstein,  1970). 

The  equatorward  boundary  Acq,  of  the  auroral  oval  can 
be  represented  by  the  expression 

(360°  \ 

IT  "  >2°) 

(I2.I) 

for  Q  >  1  where  Q  is  the  magnetic  index,  tco  is  the  CG 
local  time  (Starkov,  1969).  This  border  can  be  closely  ap- 
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Figure  12-7.  Variatinn  in  the  size  of  the  auniral  oval  with  activity  as  denoted  by  the  magnetic  index  Q.  Cnudinalc  system  is  CG  lalit^ide  ant.  CG  Itxral 
time. 


proximate  by  a  circle  centered  at  84.9°CG  latitude  00:48  in  producing  large  scale  spatial  integrals.  However,  it  is 

CG  local  time  having  a  radius  R  =  18°  -I-  0.9°O  |Ga.ss-  important  to  keep  in  mind  Sandford's  (1968|  caveat  that 

man,  1973).  Hoizwbrth  and  Meng  1 1975)  have  derived  sim-  such  distributions  “give  an  average  gross  representation  of 

ilar  expressions  for  the  ovals.  parameters  that  show  rapid  and  large  variations  in  space  and 

An  example  of  the  nature  of  the  fit  of  such  an  offset  time.” 
circle  will  be  shown  in  Figure  12-11  for  the  0  =  2  oval.  The  most  extensive  set  of  distributions  of  impiortant  op- 

Also  shown  in  Figure  12-11  are  other  examples  of  other  tical  auroral  parameters  are  due  to  Sandford  |1968).  In- 

auroral  parameters  that  can  be  ordered  in  such  an  offset  pole  eluded  in  Figures  12-8  and  1 2-9  are  contours  in  CG  lati- 

reference  frame  and  which  will  be  discussed  below.  tude^ — CG  local  time  of  intensity  of  emissions  at  6300  A. 

The  magnetic  Q  index  is  not  generally  available,  an  5577  A,  and  3914  A,  and  frequency  of  occurrence  of  dis- 

unfortunate  circumstance  because  it  has  been  the  most  sue-  Crete  aurora  for  three  levels  of  activity  (quiet,  moderate  and 

cessful  single  parameter  in  ordering  auroral  morphology.  In  disturbed  based  on  magnetic  local  K  indices  of  0-2,  3-4, 

the  absence  of  the  magnetically  measured  Q,  it  is  possible  and  >4  respectively)  for  solar  cycle  maximum  (1958-1959) 

to  infer  Q  by  taking  _  measurement  of  Acq  at  a  single, tcj,  and  minimum  (1963). 

substituting  these  values  into  Equation  (12.1)  and  solving  The  latitudinal  distributions  of  these  same  parameters 

for  Q.  By  substituting  this  effective  Q  into  Equation  (12. 1)  are  shown  at  midnight  and  af  noon  for  values  of  K  from  0 

one  can  calculate  A-q  at  other  local  times.  to  8  for  solar  maximum  (Figure  12-10,  left)  and  solar  min- 

Average  Values — A  number  of  studies  have  provided  imum  (Figure  12-10,  right), 

distributions  in  magnetic  latitude-local  time  of  the  average  In  addition,  Sandfoid  11968)  has  shown  conclusively 

values  of  auroral  parameters.  One  of  the  difficulties  in  this  the  existence  of  a  non-discrete  lorm  of  the  aurora  which  he 

approach  is  that  the  measurements  are  ordered  in  terms  of  termed  mantle  aurora.  The  term  continuous  aurora  (Whalen 

magnetic  indices  that  typically  span  three  hours.  During  et  al.,  197;)  was  coined  to  distinguish  the  E-region  corn- 

such  an  interval  auroral  intensity  and  location  are  never  fixed  ponent  of  this  aurora  from  the  possible  D-region  component 

so  that  a  given  Kp  represents  a  large  variety  of  auroral  which  Hartz  and  Brice  11967)  had  named  diffuse  aurora, 

conditions.  In  particular  the  aurora  can  move  throughout  a  Sandford  found  that  at  solar  maximum  the  mantle  aurora 

range  that  is  generally  much  larger  than  its  instantaneous  contributed  807r  of  the  total  overall  auroral  energy  flux  and 

extent.  As  a  result  instances  of  non-occurrence  of  aurora  the  discrete  aurora  accounted  for  only  209c.  At  solar  min- 

wiihin  a  .spatial  interval  are  considered  to  be  zero  intensity  imum.  on  the  other  hand,  the  two  energy  fluxes  were  equal, 

and  these  are  averaged  together  with  cases  of  finite  intensity  The  principal  solar  cycle  difference  in  auroral  energy  fluxes 

within  that  interval.  Accordingly  the  resulting  average  can  was  that  the  mantle  auroral  energy  flux  was  lower  by  a 

produce  values  of  intensity  that  never  occur  in  nature;  the  factor  of  four  at  solar  minimum  than  it  was  at  solar  maxi¬ 
average  spatial  disiribution  is  one  than  can  never  occur  mum.  Energy  flux  in  the  discrete  aurora  on  the  other  hand 

instantaneously.  was  the  same  at  solar  minimum  as  it  had  been  at  solar 

Nevenheless  these  average  di.stributions  have  been  use-  maximum  although  the  spatial  distributions  at  solar  mini¬ 
ful  in  revealing  some  overall  trends  related  to  activity  and  mum  were  narrower  and  more  contracted  toward  the  pole. 
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Figuf!.-  12-9.  Contours  of  vwurrcncf  of  dtscrctc  aun»ra  (in  percent)  and  average  intensity  of  auroral  emissions  (in  kilo-Ruylcighsi  ftir  3  levels  of  activity 
from  Southern  Hemisphere  measurements  in  1963  Co«>rdinatcs  are  CG  latitude  and  CG  local  time  (Sanford.  I96H1 1 Reprinted  uith  permission 
from  iVre.inion  Pr-’ss  Ijd  ‘  i 
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index  and  Cfl  latitude  alnng  the  nunn- midnight  (Xi  time  nxTidtan  fur  the  years  l95H-|(f5y  and  l%.5,  ISanfurd.  |dfiX|  (Reprinted  with 
pennissiiin  frnm  Perganinn  Press  l.rd.  (  IdfiH. t 


Other  examples  of  distributions  of  average  parameters 
will  be  shown  in  Figure  12-11, 

Equaionvanl  Bomularies — The  equatorward  boundary 
of  precipitating  electrons  measured  by  DMSP  satellites  has 
been  related  to  magnetic  index  Kp  via 


=  A„  -h  aKp  (12.2) 

where  .\j.^  is  the  CG  latitude  of  this  equatorward  btiundary. 
All  is  the  latitude  at  Kp  =  0  and  a  is  the  straight  line  slope 
[Gussenhoven  et  al..  19831,  Values  of  these  parameters  are 
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given  in  Table  12-1.  This  mlation  is  pl<Hted  fiir  the  23()fl-2400 
MLT  sector  in  Figure  12-12  where  the  points  are  mean 
values  and  the  em)r  bars  are  standard  deviations.  Also  shown 
in  this  figure  are  the  midnight  sector  boundaries  determined 
by  the  following  means:  (I)  ASCA  IFeldstein  and  Starkov. 
I%7|.  (2l  DM.ST  Images  (Sheehan  and  Carovillano.  I978|. 
and  (.1)  6.VX)  A  at  MX)  R  (Slater  ct  al..  I980|.  The  trend  in 
all  four  cases  is  that  latitude  decreases  with  increasing  Kp. 
However,  there  is  considerable  scatter  w  hich  is  due  pri- 
marih  to  the  fact  that  Kp  encompasses  a  large  range  of 
aumral  conditions  (Feldstein  and  Starkov.  19671.  An  ad¬ 
ditional  uncertainty  can  arise  in  particle  data  since  the  elec- 
tmns  are  measured  at  a  single  pitch  angle  and  pitch  angle 
distributions  can  depart  appreciably  from  isotropy  (for  ex¬ 
ample.  Sharber.  198 1  (. 

This  boundary  has  been  found,  to  be  solar  cycle  depen¬ 
dent  as  iHMed  earlier  in  relation  to  the  auroral  oval,  in  ad¬ 
dition  it  has  been  reported  to  vary  by  several  degrees  as  a 
function  of  L'T.  being  at  highest  latitude  near  06<K)  UT  and 
lowest  latitude  near  18(X)  UT  (Sheehan  and  Carovillano, 
1978;  Meng.  1979;  Whalen.  198.11. 

Finally  the  instantaneous  distribution  of  energy  flux  typ¬ 
ically  has  a  gradient  with  latitude  that  makes  the  location 
of  an  cquatorward  boundary  a  function  of  detector  threshold. 
Strickland  ct  al.  ( 1 98,1  (  show-  a  case  where  a  sensitive  de¬ 


tector  would  place  the  apparent  edge  as  much  as  4°  equa- 
torward  of  that  determined  by  a  less  sens  tive  detector.  For 
statistical  distributions  the  situation  is  wivse  judging  by  the 
39I4A  distributions  of  Sandford  |I968|  shown  in  Figure 
12-10  (right). 

Offsr:  Pole  Coordinotes — A  number  of  auroral  phemmt- 
ena  have  been  found  to  be  ordered  by  a  corxdinate  system 
that  lies  within  the  frame  of  reference  of  magnetic  latitude — 
magnetic  local  time  but  '.las  an  effective  pole  off  sc.  from 
the  magnetic  pole.  This  offset  pole  lies  near  the  midnight 
meridian  and  has  a  colatitude  near  4”. 

The  aunsial  oval  was  noted  earlier  as  having  an  equa- 
torward  Nxindary'  which  is  such  an  offset  circle.  The  0=2 
oval  is  shown  in  Figure  12-1  la  together  with  a  circle  whose 
cirei  nfereiice  is  defined  by  the  small  circular  points  and 
whose  center  is  the  cireled  cross.  As  noted  earlier,  this  is 
better  approximated  by  an  analytical  expression  then  by  a 
circle. 

Three  other  examples  are  shown  in  Figure  12-11  (b) 
average  intensity  of  auroral  emissions  at  .1914  A  determined 
by  Sandford  (1968)  for  IGY.  (c)  blanketing  frequencies. 
fbEs.  of  the  ionized  auroral  E  layer  determined  by  Bes- 
prozvannaya  and  Shehuka  11976)  for  Kp  0  and  I  in  IGY, 
and  Id)  average  precipitating  electron  energy  flux  measured 
by  satellites  AE-C  and  AE-D  in  years  1974-1976  for 
AE  s  100 -Y  (Spiro  et  al  .  1982). 

That  the  offset  pole  reference  frame  is  not  an  artifact  of 
the  statistical  averaging  process  is  imti.  ated  by  the  existence 
of  auroral  arcs  seen  nearly  instantaneously  (within  approx¬ 
imately  10  min).  Meng  et  al.  ( 1977)  have  found  a  group  of 
about  .SO  quiet  auroral  arcs  imaged  by  DMSP  satellites  which 
are  offset  circles.  These  arcs  extend  continuously  over  12 
hours  of  magnetic  local  time  and  occur  at  all  local  times. 
Average  radius  of  the  arcs  was  19°  ±  5°.  Average  offset 
pole  location  was  85.8°  CG  latitude.  00: 15  h  CG  local  time. 

12.1.2.2  Instantaneous  Distributions.  Rec.ently  prog¬ 
ress  has  been  made  in  quantitatively  formulating  the  in¬ 
stantaneous  distribution  of  the  energy  flux  in  the  continuous 
aurora  throughout  much  of  its  entire  latitude-local  time  ex¬ 
tent.  This  occurred  in  an  8-hour  case  study  in  which  this 
energy  flux  was  found  to  be  constant  instantaneously  along 
contours  ‘hat  were  defined  analytically  and  approximated 
by  offsc,  circles.  Changes  that  took  place  did  so  simulta¬ 
neously  (within  15  minutes  time  resolution)  throughout  liKal 
time,  the  extent  of  which  was  from  evening  through  mid¬ 
night  to  mx)n  (Whalen.  198.1). 

The  latitudinal  distribution  was  therefore  the  same  in¬ 
stantaneously  at  all  local  times  within  the  observed  extent. 
Two  distributions  were  defined,  the  principal  one  being  ' 
Gaussian.  Furthermore,  the  Gaussian  scale  factor  was  con¬ 
stant  in  all  .12  consecutive  determinations.  Therefore,  the 
dynamics  of  the  entire  nearly  global  distribution  could  le 
described  by  the  variation  of  only  two  parameters,  the  Gaus¬ 
sian  maximum  energy  flux  and  its  offset  pole  latitude.  These 
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Figure  12-11.  Examples  of  iso-energy  flux  contours  of  the  coniinuou.  aurora  which  are  appn^ximately  circles  alH>u(  a  pole  olTse(  from  ihc  CG  ptile 
Circumference  of  each  offset  circle  is  defined  by  the  12  small  circular  jioinis  and  the  offset  pt>le,  by  the  circled  cross,  (a)  The  auoiral  oval 
for  magnetic  index  Q  =  2  [FeMstcin  and  Starkov.  1967)  (bl  Median  intensity  of  3914  A  auroral  emissions  for  IGY  |Sandf<»rd.  1967)  (ci 
Auroral  E  ionization  measured  by  median  values  of  fbEs  for  Kp  of  0  and  1  for  1958  fBespn>z\onnaya  and  Shchuka,  I976|.  (d)  Average 
precipitating  electron  energy  flux  for  AE  «  100  for  1974-1976  jSpiro  et  al.,  19821. 
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Figure  }  2- 1 3  Er.:in'iplcN  <>t  aumral  equaioru  an*  houncancs  near  midnight. 

EkxtnKis:  Preeipitaiing  clccinws  (Gussenhoven  et  al..  I98.^| 
ASCA  All'sky  canu-Ta  phonographs  IFcldslcin  and  Slarkov. 
I967|  DMSP:  DMSP  images  [Sheehan  and  Canovillano. 
1478]  h.VWl  A;  PhotttnKter  (Slater  et  al  .  19801.  Kmor  barv 
indicate  standard  deviation^  tor  the  precipitating  eicctnm' 
but  aa*  also  comparable  for  the  (Hher  measurements. 


parameters  are  therefore  global  indices  of  this  aurora  ex¬ 
pressing  independently  the  liKation  and  in.Chsity  of  this 
aurora. 

A  second  latitudinal  distribution  was  found  at  higher 
latitude.  Gaussian  and  high  latitude  distributions  corre- 
sp<indcd  to  the  regions  of  particle  precipitation  named  Cen¬ 
tral  Plasma  Sheet  and  Boundary  Plasma  Sheet  by  Win- 
ningham  |  I97.‘i|,  The  distributions  in  magnetic  latitude  and 
IcKal  time  are  shown  schematically  in  Figure  12-1,0. 

These  distributions  have  additional  significance  in  that 
the  latitude  of  the  Gaussian  maximum,  i’max.  is  at  or  near 
the  interface  between  positive  and  negative  field  aligned 
currents  |Robinson  ef  ,al..  I982|.  In  addition.  I'max  is  the 
equatorward  limit  of  discrete  auroras  for  a  large  range  of 
conditions  |Lui  et  al.,  1977;  Whalen.  I9X.0|.  Thus  the  Meng 
et  al,  1 1977]  auroral  circles  apparently  also  liKatc  I'max. 
Finally.  Hcelis  et  al.  |I980|  find  the  convection  reversal 
region  near  the  CPS-BPS  boundary. 

The  latitudinal  coordinates  used  in  this  case  study  are 
those  approximated  by  the  offset  pole  at  8.0.8^  CG  latitude 
and  ()():(M)  hr  C(i  time.  This  pole  is  deiemiined  from  the 
ionospheric  data  of  Bcspro/vannaya  and  .Shchuka'  |I976I 
(Figure  12-1  Id.  and  is  also  very  close  to  the  average  value 
which  Mcng  et  al.  |I977|  determined  from  the  DMSP  im- 


ages  (85.8°CG  latitude,  00:15  h  CG  time).  Although  named 
the  offset  pole  coordinate  system,  the  formulation  is  an 
analytical  expression  similar  to  that  found  by  Starkov  ( I969| 
[Equation  ( 12. 1  )|  for  the  low  latitude  boundary  of  the  auroral 
oval  to  which  the  offset  circles  themselves  are  approxi¬ 
mations.  In  this  formulation  the  latitude  P  of  a  point  on  the 
earth  is  given  by 

r  =  Act;  -f-  Bp  cos  ^  (UT  -  UTmn)  (12.3) 


where  Acc;  is  the  average  latitude  and  has  the  value  of  the 
CG  latitude  of  the  point.  Bp  is  the  amplitude  of  the  lati¬ 
tudinal  variation  and  has  the  value  of  the  CG  colatitude  of 
the  offset  pole  (4.2°  here),  UT  is  unive'sal  lime  and  UTmn 
is  the  universal  time  corre.sponding  to  CG  local  midnight 
for  the  point  considered.  During  this  ca.se  study,  contours 
of  equal  latitude  P  calculated  by  this  expression  were  mea¬ 
sured  to  be  contours  of  equal  energy  flux  Q.  which  were 
accurate  to  within  0.4°  over  the  CG  local  time  extent  of  !0 
hours. 

Tlie  function  that  dt.stribes  the  distrinution  of  energy 
flux.  Q,  in  offset  pole  latitudes  P  is 


where  Qmax  and  P  max  define  the  peak  value  as  shown  in 
Figure  12-13. 

The  Gaussian  scale  parameter  rr  has  been  found  to  have 
a  typical  value  of  1.4°  (3.2°FWHM)  and  extremes  of  1.2° 
and  2.0°  [Whalen.  1981 .  1983],  The  maximum  energy  iiux 
Qmax  has  a  typical  value  of  I  erg  cm 's  '  and  extremes  of 
0  25  to  12  erg  cm 's  '  jOmholt.  1955;  Fiilliard  and  Shep¬ 
herd.  I9W);  Whalen.  1981.  1983). 

The  latitude  of  the  Gaussian  maximum.  Pmax,  has  a 
median  vlaue  of  71°  and  extremes  of  64°  to  74°  [Whalen 
1981 .  1983[.  The  circular  auroral  arcs  of  Meng  et  al.  [  1977) 
had  an  average  latitude  of  71°  i  5°.  which  is  consistent 
with  their  being  interface  arcs  [Robinson  et  al.,  I982[  al  or 
near  Pmax. 

The  spectrum  of  precipitated  (that  is.  loss  cone  inte¬ 
grated)  electrons  in  the  Gaussian/CPS  region  is  Maxwel¬ 
lian.  so  that  the  differential  number  flux  (in  electrons 
cm  -s  '  keV  ').  is 


whciC  E  is  electron  kinetic  energy  and  Em  the  characteristic 
energy. 
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Figure  12-13.  Schematic  diagrams  illustrating  the  instantaneous  distribution  of  energy  flui  in  the  continuous  aurora  as  described  in  the  text.  Lrfi:  Energy 
Hua.  Q.  as  a  function  of  offset  pole  latitude.  I',  showing  the  Gaussian/CPS  and  high  latitude/BPS  distributions.  Righr.  Contours  of  ctmstant 
energy  flux  approxirnateu  as  circles  centered  at  the  offsc'  pule  (the  circled  cross)  in  CG  latitude  and  CG  local  time.  The  offset  pule  latitudinal 
distribution,  which  is  therefore  the  same  at  all  local  times  except  for  a  region  in  t.'e  day  sector,  is  the  Gaussian/CPS  distribution  shown  at 
the  left.  The  contour  of  the  Gaussian  maximum  energy  flux.  Qn...  as  well  as  the  co<ituurs  of  l.'2  Q..^-  and  l/IO  Q,u,  are  identified  via  the 
sector  marked  "Key"  in  t*<e  losver  left  The  dashed  contours  in  the  day  sector  indicate  the  approximate  region  in  which  statistical  studies 
find  energy  fluxes  to  be  lower  than  at  other  local  times. 

Em  has  been  found  near  midnight  also  to  be  Gaussian  12.1.3  Empirical  and  Model  Relationships 
in  latitude  with  a  scale  parameter  close  to  that  of  Q. 

EMmax  has  been  measured  at  I  keV  |Sharber.  1981).  12.1.3.1  Auroral-Ionospheric  Profiles.  This  section  de- 

Inferring  particle  energies  from  the  production  heights  mea-  scribes  the  ionospheric  effects  of  auroral  particle  precipi- 

sured  by  Hunten  et  al.  (1963)  for  this  aurora  (which  they  tation  calculated  by  a  number  of  workers.  The  effects  of 

termed  diffuse  surfaces),  EMmax  was  generally  between  0.4  continuous  and  discrete  electron  auroras  are  presented  as 

and  1.5  keV  with  extremes  of  0.3  and  9  keV.  The  depen-  well  as  those  of  proton  auroras.  In  general,  isotropic  pitch 

dence  of  EMmax  on  local  time  however  has  not  been  cs-  angle  distribution  of  particles  is  assumed.  Other  distribu- 

tablished.  lions  have  been  studied  as  well  as  energy  spectra  that  are 

Because  of  the  equivalence  of  the  particle,  optical,  and  different  from  those  assumed  here  (for  example,  Rees,  l%31. 
ionospheric  parameters  for  the  continuous  aurora  and  auroral  Continuous  Aurora — The  electron  spectrum  of  the  con- 

E-layer  (as  described  in  Section  12. 1 .3.2  and  Figure  12-19)  tinuous  aurora  has  been  found  to  be  Maxwellian.  Sharber 

the  following  is  true:  contours  of  equal  loss-cone  integrated  |198l|  has  found  good  agreement  between  precipitating 

electron  energy  flux  are  also  contours  of  equal  column  electrons  fluxes  and  their  simultaneously  measured  ionos- 

integraled  N-*  emission  at  3914  A,  1(3914  A),  as  well  as  pheric  E-layer  effects  provided  the  particles  are  integrated 

contours  of  equal  foEa'*.  where  foEa  is  the  auroral  E  layer  over  the  actual  loss  cone  and  averaged  over  intervals  of  time 

critical  frequency.  Furthermore,  because  these  three  param-  and  space  appropriate  to  the  response  of  the  ionosphere  itself 

eters  ate  proportional  to  one  another,  for  a  Gaussian  lati-  and  of  the  characteristics  of  the  ionospheric  measurements, 

tudinal  distribution,  the  three  have  the  same  Gaussian  scale  The  energy  spectrum  which  results  from  this  procedure  is 

parameter.  well  represented  by  a  Maxwellian  function. 

Contours  of  equal  foEa^  are  also  contours  of  equal  max-  The  Maxwellian  differential  electron  number  flux  as  a 

imum  electron  density,  Ne^.^.  as  wcl'  as  contours  of  equal  function  of  energy  has  the  form 
foEa.  However,  for  a  Gaussian  latitudinal  distribution,  the 
scale  parameters  are  related  by  the  following  multiple  pro- 

6(E)  =  H  exp  ( ^  )  electrons  em'^s"  'eV 

2bM  \  Em  / 

CT  (foEa'*):  tr  (Ne,„a,):  (t  (foEa)  =  I;  V2:  2.  (12.6) 


(12.7) 
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ELECTRON  PRECIPITATION 
MAXWELLIAN  SPECTRA  (CONTINUOUS  AURORA) 

Figure  1 2-14.  Al(itu<ie  profiles  of  ion  production  rates  (left)  and  electron  densities  (right)  resulting  from  electron  precipitation  which  produces  the  continuous 
aunv^.  Calculations  {Strickland  et  al..  1983}  assume  MaxwHMan  spectra,  isotmpic  incidence  and  energy  flux  of  I  erg  em'V.  Curves  for 
4  V.  lues  of  Maxwellian  dtaractcnstic  energy.  2m.  arc  shown. 


where  energy  E  is  in  eV.  energy  flux  Qm  is  in  eV  em'V 
and  Em  is  the  characteristic  energy  (or  temperature). 

Since  the  average  energy  for  the  Maxwellian  is  2Em. 
die  total  integral  number  flux.  (electrons  em’^s"')  is 
given  by  Nm  =  Qm''2Em. 

Other  useful  relations  can  be  derived  from 
Nm  =  eEM«b(EM)  where  <f)(EM)  is  the  maximum  value  of 
6(E). 

Altitude  profiles  of  the  rates  of  ion-electron  pair  pro¬ 
duction  per  unit  volume  resulting  from  this  Maxwellian 
-Spectrum  have  been  calculated  b/  Strickland  et  al.  [I983| 
for  four  values  of  Em  and  are  shown  in  Figure  12-14  (left). 
An  energy  flux  of  Qm  =  I  erg  cm ’s  '  has  b;en  assumed; 
profiles  for  other  values  of  Q..(  can  be  determined  from  those 
shown  since  ionization  rate  is  proportional  to  Qm.  In  ad¬ 
dition  these  profiles  can  be  converted  to  energy  deposition 
per  cm'  by  multiplying  the  ion  production  rate  by  the  factor 
34  eV  per  ion  pair. 

The  electron  density  profiles  resulting  from  these  pro¬ 
duction  profiles  have  been  calculated  by  Strickland  et  al. 
(1983]  and  appear  in  Figure  12-14  (right).  In  these  calcu¬ 
lations  equilibrium  conditions  have  been  assumed  since  they 
are  appropriate  to  the  slowly  varying  nature  of  this  aurora 
and  the  E-region. 

A  plot  of  the  altitude  of  the  peak  ionization  rate  as  a 
function  of  characteristic  energy  is  shown  in  Figure  12-15 
displaying  the  agreement  in  the  results  of  several  workers. 
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Discrete  Aurora — The  electron  spectra  that  produce  the 
discrete  aurora  have  been  modeled  by  either  monoenergetic 
or  Gaussian  spectra.  Although  the  actual  spectra  are  more 
accurately  modeled  by  a  Maxwellian  spectrum  that  has  been 
accelerated  through  a  fixed  potential,  the  Gaussian  is  an 
adequate  approximation  for  the  calculation  of  the  iono¬ 
spheric  response. 


Figure  12-IS.  Altiludc  for  ihc  ma-.imum  ion  production  rate  versus  Max- 
wciliun  charik'tcristic  encrcy  for  ioni/ation  resulling  fnim 
.  the  prccipilaiion  of  particles  w  ith  Maxwellian  spectra  and 
at  isotropic  incidence. 

Lvft:  f-Iectnms  which  produce  the  ctmtinut^us  aurora. 
Protons 
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ELECTRON  0£NSITV(cm**) 


ELECTRON  PRECIPITATION 
GAUSSIAN  SPECTRA  (DISCRETE  AURORA) 

Figure  12-16.  Altitude  proHle^i  nf  ion  production  rates  (left)  and  electron  densities  (right)  resulting  from  electron  precipitation  which  produces  the  discrete 
aurora.  Calculations  (Strickland  et  al..  I983|  assume  Gaussian  spectra,  isotropic  incidence  and  energy  flux  of  I  erg  cm~'s~'.  Curves  are 
shown  for  6  values  of  Gaussian  maximum  energy.  Eu. 


The  representation  of  the  discrete  differential  number 
flux  is 

exp|^  -  jelectrons  cm'VeV"' 

(12.8) 

.where  Eg  is  the  maximum  energy  in  eV.  The  Gaussian  scale 
parameter  a  has  values  near  0.2  Eg. 

Altitude  profiles  of  ionization  rates  for  values  of  Eo  and 
for  Qg  =  1  erg  cm^V  appear  in  Figure  12-16  left  and  the 
resulting  electron  density  profiles  are  shown  in  Figure 
12-16  right  {Strickland  et  al..  1983].  Again  electron  den-sity 
has  been  calculated  assuming  equilibrium  and  so  applies 
specifically  to  auroras  that  are  constant  in  all  respects  for 
periods  greater  than  about  I  min.  For  auroras  that  are  more 
transitory,  these  electron  density  profiles  can  be  considered 
to  be  upper  limits. 

The  altitude  of  maximum  ionization  rate  (points)  and 
the  altitudes  at  which  the  rate  has  fallen  to  10%  of  maximum 
(bars)  is  shovn  in  Figure  12-17  for  the  case  of  monocner- 
getic  electrons  of  isotropic  incidence  {Rees,  1964). 

Proton  Aurora — Proton  spectra  have  been  found  to  be 
consistent  with  Maxwellian  spectra  [for  example.  SFarber, 
198! ).  Ionization  rate  profiles  for  precipitating  proten :  with 
Maxwellian  spectra  have  been  calculated  by  Jasperse  and 


Basu  [1982]  assuming  isotropic  incidence.  Figure  12*18 
shows  a  profile  for  each  of  five  values  of  characteristic 
energy,  Em  for  energy  flux  of  1.0  erg  cm‘^s  '.  A  plot  of 
the  altitude  of  the  peak  ionization  rate  as  a  function  of 
characteristic  energy  is  shown  in  Figure  12-15. 


Figure  12-17.  Altitude  of  the  maximum  ionization  rate  (points)  and  the 
altitudes  at  whitii  this  rate  has  fallen  to  of  the  max¬ 
imum  (bars)  versus  energy,  for  ionization  prcxirced  by 
electrons  which  form  the  discrete  aun)ra  as  modeled  by 
momicncrgetic  spectra  of  isotmpic  incidence  (Rets  1964). 
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PROTON  PRECIPITATION 
MAXWELLIAN  SPECTRA 


EM(k«V) 


IONIZATION  RATE  (em'V  l 

Figure  1718.  Altitude  profiles  of  ion  production  rates  resulting  from 
precipitation  of  protons  of  isotropic  incidence  and  Max¬ 
wellian  spectra  of  characteristic  energy  Em  Energy  flux  is 
1.0  erg  em’^s"'  (Jasperse  and  Basu,  1982|. 


12.1.3.2  Relations  Between  Auroral  Electron,  Optical, 
and  Ionospheric  Parameters.  Auroral  studies  are  con¬ 
ducted  in  three  major  disciplines:  particle,  optical  and  ion¬ 
ospheric.  Under  some  conditions  parameters  in  all  three  are 
closely  enough  related  so  that  a  measurement  in  one  dis¬ 
cipline  pennits  inference  of  parameters  in  the  other  two. 
This  section  presents  a  graph  interrelating  these  parameters 
in  a  convenient  form  as  well  as  a  description  of  the  con¬ 
ditions  under  which  these  relations  apply. 

The  parameters  plotted  in  columns  in  Figure  12-19  are 
as  follows: 

IBC — ^The  International  Brightness  Coefficient,  a  semi- 
quantitative  index  for  visible  auroras. 

Q — Energy  flux  in  erg  cm^'s''  of  precipitated  electrons. 

These  are  loss  cone  integrated  and  subject  to 
the  space  and  time  constraints  described  in 
Section  12;  1.3.1. 

I(3914A) — Column  integrated  intensity  of  the  emis¬ 

sion  band  at  39 1 4  A  produced  by  auroral  par¬ 
ticle  precipitation. 

The  above  relationships  are  well  established  [Dalgamo 
et  al.,  1965]  and  apply  in  the  E-region  to  both  discrete  and 
continuous  auroras.  In  addition,  the  relation  between  Q  and 
1(3914  A)  is  correct  for  the  L-region  although  IBC  is  not 
defined  there. 
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Figure  12-19.  Inter-relations  of  particle,  optical  and  ionospheric  param¬ 
eters  for  the  continuous  aurora  and  auroral  E  layer. 

IBC:  International  Brightness  Coefficient. 

'  Q;  Energy  flux  of  precipitating  auroral  electrons. 

I<391.S  A):  Column  integrated  intensity  of  the  Nj*  emission 
band  at  3914  A.  .  , 

foEa*:  Fourh  power  of  auroral  E  layer  critical  frequency 
for  the  ordinary  ray. 

Ne^i,:  Electron  density  of  the  auroral'  E  layer  at  its  max¬ 
imum  in  altitude. 


The  ionospheric  parameters  obey  these  quantitative  re¬ 
lations  only  for  the  auroral  E  layer,  which  is  produced  by 
the  continuous  (or  diffuse)  auroral  precipitation.  This  layer 
is  extensive,  highly  uniform  and  is  in  equilibrium.  foEa, 
the  critical  frequency  of  the  ordinary  ray  measured  by  the 
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ionospheric  sounder,  is  the  maximum  pla  ima  frequency  of 
the  E-layer  and  has  been  related  empirically  to  both  Q  and 
1(3914  A)  via  its  fourth  power,  foEa'*  jOrnholt,  1955;  Shar- 
ber,  I98i|  as  shown  in  column  4. 

is  the  peak  electron  density  in  the  auroral  E-I.iyer, 
being  derived  via  foEa  =  8.98  x  10' VNCma,  where  foEa 
is  in  Hz  and  Ne„„,  in  electrons  per  cm’. 

12.1.3.3  Auroral  Activity.  The  discrete  aurora  on  the 
small  scale  is  frequently  very  unstable  and  chaotic.  How¬ 
ever.  certain  ordering  of  brightness  and  extent  has  been 
achieved  on  the  large  scale  using  DMSP  auroral  images  the 
breadth  of  which  is  2200  km.  and  airborne  ASCA  photo¬ 
graphs,  with  a  diameter  of  900  km.  The  two  data  bases 
represent  very  different  time  scales.  DMSP  images  being 
separated  in  time  by  1(X)  min  and  the  ASCA  by  I  min. 

Auroral  images  by  the  DMSP  satellite  have  been  cate¬ 
gorized  as  active,  moderate,  or  quiet  as  descril^d  in  Table 
12-2  [Sheehan  et  al.,  1982].  The  distribution  of  iVequency 
of  occurrence  appears  in  Figures  1 2-20a,  b,  c.  and  d  showing 


the  relation  of  occurrence  frequency  to  magnetic  indices  Kp 
and  AE  and  dependence  on  UT.  In  Figure  1 2-20e  the  col¬ 
umns  are  headed  by  activity  observed  on  a  given  orbit;  the 
rows  are  the  occurrence  frequencies  observed  on  the  fol¬ 
lowing  orbit. 

Auroral  images  have  been  recorded  by  ASCA  at  I  -min 
intervals  aboard  an  aircraft  flying  at  local  midnight  for  du¬ 
rations  of  5-10  h  IKruknnis  and  Whaien,  I980|.  This  data 
has  permitted  analysis  of  auroral  activity  over  a  considerable 
range  of  time  durations  as  distinct  from  the  DMSP  images, 
the  sampling  rate  of  which  is  limited  by  the  orbital  period. 

Twelve  flights  totaling  93  hours  provided  56(X)  photo¬ 
graphs  in  the  midnight  sector  near  69°  ( ±4°)  CG  latitude. 
When  mounted  in  a  montage  format  these  phonographs  re¬ 
vealed  individual  events  of  auroral  activation  with  meas¬ 
urable  lifetimes.  Categorizing  the  auroras  in  the  above  man¬ 
ner  produced  the  histogiam.s  of  the  lifetimes  or  auroral  activity 
shown  in  Figure  12-21.  The  combined  A,  M,  and  Q  cate¬ 
gories  indicaie  a  characteristic  lifetime  of  auroral  activity 
near  15  min  (Figure  12-22). 


Table  12-2.  Oiscription  of  the  criteria  used  to  rJe  auroral  activity  in  DMSP  images. 


Category 

Auroral  Morphology 

.  Latitudinal 
Extent 

Longitudinal  Extent 

— 

Comments 

N 

No  aurora  visible  in  a  properly 
exposed  image  having  adequate 
auroral  zone  coverage. 

Seldom  observed  in  a  gotxi 
quality  image 

0 

(Juiet  auroras  consiting  of  a  single, 
thin,  structureless  discrete  arc 
or  broader,  band  of  diffuse  aurora 
|Lui  et  al..  1973]  also  called 
continuous  aurora  (Pike  and 

Whalen,  1974). 

s  1°  CGL 
(discrete  arc) 

Up  to  the  entire  longitudinal 
extent  of  the  image  (=  3-12 
hours  of  local  time  depending 
on  coordinate  orientation) 

M 

Moderate  state  of  auroral 

S  5°  CGL 

A  few  hours  of  magne’ic 

Statistically  most  common 

activity  typified  by  patches,  knots, 
or  kxtps  in  discrete  auroras,  in¬ 
cluding  ’westward  surges'  and 
bulges  along  otherwise  thin  arc 
structures:  also,  polar  cap  arcs 
extending  from  oval  auroras. 

local  time,  usually  not  thr 
entire  oval 

situation 

Gradations  in  the  moderate  range 
(M  -  .  M.  and  M  +  )  attempt 
further  relinement.  but  distinctions 
are  often  difficult  to  make. 

particularly  between  M  -t-  and  A, 

A 

Very  active  auroral  conditions  with 

a  5°  CGL 

The  entire  longitudinal 

M  +  and  .\  categories  often 

(apparent)  large  westward  surges, 
poleward  bulges,  and  a  broad  band 
of  discrete  aurora.  With  linear 
amplifiers  employed  in  older 
satellites,  bright  auroras  can 
saturate  and  wash  out  all  detail. 
Newer  satellites  with  logarithmic 
detectors  can  distinguish  detail 
over  a  wide  range  of  intensities. 

extent  of  (he  oval  visible 
in  an  image 

difficult  to  distinguish 
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NOMA 

(0)  OMSP  AURORAL  ACTIVITY 


N  M  0  A 

(b)  RELATION  OF  ACTIVITY  TO  Kp 


NOMA 

(c)  RELATON  OF  ACTIVITY  TO  AS 


NOMA 


(d)  DEPENDENCE  OF  ACTIVITY  ON  UT 

rijiurc  12*20.  Frequency  of  ivcurrcncc  i'f  uurorj!  activity  oh>cr  cd  in  the 
DMSP  iniaecs  in  calcjioricN  of  Active.  McKJenite,  Quiet 
and  So  viMblc  aurora  as  JclineJ  in  Table  12-2  IShcchan 
elal,.IVK2|. 
a.  All  eases, 
b  Relaiion  lo  Kp. 
c  Relaiion  lo  AF.. 
d  Depejklencc  i>n  I’T 

.  c-  Recurrence  of  aclivits  where  columns  arc  headed  by 
acltvilN  observed  on  inilial  orbii:  ihe  }  r»>ws  arc  ihc  distri¬ 
bution  tif  tKCurrence  frequency  on  the  following  orbi*. 


DMSP  ACTIVITY  ON  INITIAL  ORBIT 
A  M  0 


(•)  RECURRENCE  OF  ACTIVITY 

Figure  12-20.  (Continurd) 


12.1.3.4  Heights  of  Discrete  Auroras. 

Dependence  of  Heights  on  Magnetic  Latitude  and  Local 
Time — The  altitude  and  latitude  of  peak  emission  at  5577 
A  have  been  measured  for  homogeneous  arcs  by  photom¬ 
eters  using  triangulation  methods  [Boyd  et  al.,  1971).  The 
resulting  heights  versus  magnetic  latitude  are  plotted  in  Fig- 
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Figure  12-21.  Distributions  of  lifetimes  of  aurora!  activity  within  cate¬ 
gories  described  in  Figure  12-20  as  determined  by  airborne 
all-sky  photographs  near  midr’ght.  Number  o!  events  within 
each  calegf^ry  and  the  pca'cnt  of  the  total  I'me  represented 
by  each  category  are  listed  at  the  right  IKrukonis  and  Whalen. 
|V80|. 
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Figure  12-22.  Percen'age  tx-currcnce  of  lifetime  of  auroral  activity  for 
combined  active,  mtxlcrate  and  quiet  categories  (from  Fig¬ 
ure  12-211  showing  Poissonian  lifetime  of  —15  minutes. 

ure  12-23  ill  four  3-hour  intervals  of  local  time  encom¬ 
passing  evening  through  midnight  to  morning.  Heights  have 
been  related  to  the  energy  at  which  monoenergetic  electrons 
produce  maximum  emission  via  the  relations  of  Rees  1 1963) 
and  these  energies  are  plotted  on  the  right  hand  scale. 

Two  re'ations  are  apparent:  heights  decrease  with  lati¬ 
tude  within  each  local  time  interval  and  heights  decrease  as 
local  time  increases  from  evening  to  morning  at  each  latitude 
where  the  aurora  is  observed. 

The  limitation  of  this  study  is  that  the  triangulation  tech- 
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nique  requires  relatively  stable  arcs,  hence  the  results  apply 
to  relatively  quiet  conditions. 

Height-Brij^hmess  Relations — A  number  of  workers  have 
reported  that  discrete  auroras  increase  in  biightness  with 
decreasing  heights  as  determined  by  optical  triangulation 
(for  example.  Starkov.  1968  and  Harang.  1951;  Boyd  et 
al.,  1971).  Evidence  for  this  effect,  which  is  more  quan¬ 
titative  in  nature  and  not  as  dependent  on  auroral  stability, 
has  resulted  from  a  study  of  discrete  aurora  by  airborne 
ionospheric  sounder  and  ASCA  during  1 1  north-south  cross¬ 
ings  of  the  auroral  oval  near  midnight  (Wagner  and  Pike. 
1972;  Gassmann  et  al..  1972).  Auroral  sp<.radic  E  echiKS 
recorded  by  the  ionospheric  sounder  were  selected  for  times 
when  the  ASCA  films  showed  aurora  to  be  in  the  zenith. 
Virtual  height  for  these  echttes.  h’Esa.  is  plotted  versus  the 
frequency  fEsa  in  Figure  12-24.  together  with  the  qualitative 
designation  of  brightness  from  the  ASCA  photographs  The 
trend  that  brightness  increases  with  decreasing  height  can 
be  described  in  a  more  quantitative  way  by  the  approximate 
translation  of  frequency  to  intensity  of  3914  A  emission  via 
Figure  12-19.  Height  can  be  translated  into  approximate 
monoenergetic  electron  energy  via  Figure  12-17. 

12.2  AURORAL  OPTICAL  AND 
INFRARED  EMISSIONS 

The  optical  emissions  that  characterize  an  aurora  arc 
produced  by  the  deposition  of  energy  in  the  atmosphere  by 
energetic  particles,  primarily  electrons  and.  in  some  in¬ 
stances.  protons.  The  energetic  particles  are  derived  from 
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Figure  12-24.  Relations  between  brightness  (fnim  airtome  ASCA),  au¬ 
roral  sporadic  E  frequency,  fEsa.  and  virtual  height  of 
auroral  sporadic  E  layer.  h'Esa  {from  airborne  ionospheric 
sounder)  for  discrete  aurora  in  the  zenith,  from  1 1  'ati- 
tuJinal  scans  aen'ss  the  oval  near  midnight  by  aircraft 
(Wagner  and  Pike.  1972). 


Figure  12-26.  Photo  of  the  carthlimb  seen  from  Skylab  3  looking  toward 
the  southern  auroral  zone.  The  airglow  layer  run'^  in  a  thin 
band  across  the  center  of  the  photo,  while  a  bright  auroral 
arc  crosses  the  carthlimb  at  lower  right  and  ends  in  the 
foreground  in  the  middle  of  the  scene  IGarriott.  1979] 


the  interaction  of  the  solar  wind,  a  gaseous  plasma  contin¬ 
uously  streaming  from  the  sun's  surface,  and  the  earth’s 
magnetic  field  IChapter  8).  The  currents  of  charged  particles 
generated  by  the  energy  coupling  between  the  solar  wind 
and  the  magnetosphere  produce  energetic  electrons  surging 
earthward  along  geomagnetic  field  lines  in  the  auroral  zone. 
Collisions  of  the  prccipi'ating  energetic  auroral  particles 
with  the  increasingly  denser  atmospheric  neutral  atoms  and 
molecules  in  the  200  to  100  km  altitude  range  produce  the 
luminosity  associated  with  auroras  illustrated  in  Figures 
12-25,  12-26.  and  12-27.  As  reviewed  in  Section  12.1. 


PiguFe  12-25.  View  from  space  of  intense  aun>ral  emission  distributed 
around  entire  auroral  oval  Image  was  taken  at  0241  IT. 
8  Nov  1981.  with  I'niversity  of  Iowa's  ultraviolet  auroral 
imaging  instnjincnl;  tion  aboard  Dynamic  Explorer  I  while 
orbiting  20  0^8)  km  over  North  .^ii^erica.  (Courtesy  of  L.A, 
Frank  I  ' 


satellite  images  of  auroral  luminosity  in  the  polar  regions 
have  contributed  significantly  to  the  understanding  of  the 
interaction  of  the  solar  wind  and  the  magnetosphere,  auroral 
substorms,  and  the  morphology  of  the  diurnal  cycle  of  the 
auroral  ovals  surrounding  the  geomagnetic  poles  (Akasofu, 
1981).  Auroral  optical  emissions  have  been  examined  by 
instrumentation  located  in  ground-based  observatones 
(Vallance  Jones.  1974).  research  aircraft  [E.R.  Huppietal., 
1974).  rtKket  probes  )Stairet  al..  1975;  K.D.  Baker  et  al., 
1977;  Stair  et  al..  1980;  Feldman  and  Gentieu,  1982),  and 
satellites  [Hanson.  1973;  Huffman  et  al.,  1980;  Frank  et 
al.,  1982).  These  studies  involve  measurements  of  spectral 
distributions,  photon  emission  rates,  and  altitude  profiles. 
The  data  are  then  analyzed  to  identify  the  excited  state'  of 


Figure  12-27.  Bright  auroral  arcs  recorded  from  the  ground  at  Poker  Fiat. 
Ala^ka.  (Courtesy  of  A.I..  Snyder.) 
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the  radiating  atomic  and  molecular  species  and  to  determine 
their  auroral  nnxluction  and  loss  priKesses. 

Auroral  phenomenology,  morphology,  and  occurrence 
arc  the  subject  of  Section  12.1.  The  current  section  will 
concentrate  on  the  overall  photon  emission  rates,  spectral 
distributions,  and  altitude  profiles  of  auroral  optical  emis¬ 
sions  and  the  identification  of  the  radiating  species  and  their 
production  and  loss  mechanisms.  Particular  emphasis  will 
be  placed  on  the  infrared  portion  of  the  spectrum.  Only 
emissions  from  aurorally  disturbed  atmospheres  .will  be 
discussed;  quiescent  atmospheric  emissions  are  treated  in 
Chapter  13. 

This  section  begins  with  a  discussion  of  laboratory  stud¬ 
ies  and  their  impact  on  auroral  models  and  continues  with 
a  genera!  discussion  of  emission  rates  in  terms  of  production 
and  loss  mechanisms  for  auroral  species.  Pr<Kesses  giving 
rise  to  various  auroral  visible  and  ultraviolet  emissions  are 
discussed,  and  the  section  concludes  with  a  di.scussion  of 
the  dominant  aurorally  enhanced  infrared  bands,  especially 
the  important  CO3  4.3  p.m  emission  and  the  NO  2.7  p.m 
and  .S.3  p.na  emissions. 

12.2.1  Laboratory  Studies  and  Auroral 
Models 

Auroral  mechanisms  are  studied  in  laboratory  experi¬ 
ments  involving  particle  beams  incident  on  atmo:;pK'ric  gases 
or  gas  mixtures.  Such  experiments  measure  specific  param¬ 
eters  that  quantify  the  incident  electron  energy  loss,  energy 
deposition  profile,  and  excited-stated  production  |Cohn  and 
Caledonia.  1970|.  as  well  as  the  spectral,  temporal,  and 
spatial  radiative  characteristics  of  the  gases.  Gas  discharges 
have  been  used  in  flowing  afterglow  experiments  |Piper  et 
al..  1981a,  b|  and  chemiluminescent  reaction  cells  (Rawlins 
et  al.,  198 1 b|  to  determine  rate  coefficients  and  photon 
yields  for  specific  auroral  reactions.  The  laboratory  exper¬ 
iments  provide  an  opportunity  to  study  a  specific  pnxluction 
or  loss  priKess  for  an  excited  species  under  controlled  con¬ 
ditions  of  temperature  and  gas  density. 

Measured  parameters,  including  cross  sections  for  en¬ 
ergy  loss  by  incident  electrons  and  for  prrxluction  of  specific 
new  species  or  excited  .-.fates  (Wadzinski  and  Jasperse,  1982), 
have  contributed  to  the  generation  of  a  number  of  auroral 
models.  Such  mixlels  typically  include  descriptions  of  elec¬ 
tron  energy  deposition  and  excited-state  production,  usually 
followed  by  chemistry  codes  to  describe  production  of  ad¬ 
ditional  species  and  perhaps  by  an  atmospheric  motion  code 
and  a  radiative  transfer  C(xle.  Descriptions  of  electron  in¬ 
teraction  with  the  ambient  atmospheric  gas  have  used  a 
variety  of  techniques.  Simple  semi-empirical  models  of 
electron  energy  deposition  have  been  constructed  |Rces, 
1963)  using  energy  dissipabon  functions  measured  in  the 
laboratory.  The  secondary  electron  production  rate  in  such 
mrxiels  is  calculated  from  the  observation  that  an  electron- 
ion  pair  is  pnxfuced  for  every  34  eV  of  energy  deposited 


by  the  primary  electron.  Once  the  ionization  rates  are  known, 
the  production  rate  of  secondaries  as  a  function  of  energy 
and  the  secondary  electron  flux  c  m  be  calculated  (Rees  et 
al.,  1%91.  using  analytic  or  experimental  values  for  sec¬ 
ondary  electron  production  cross  sections  and  electron-neu¬ 
tral  inelastic  emss  sections.  Form  the  secondary  electron 
flux,  excited-state  pnxluction  rates  may  be  deduced.  Other 
descriptions  of  electron  energy  deposition  and  excited-state 
production  have  used  range-theoretic  methrxls  (Stolarski  and 
Green.  1967;  Peterson  et  al..  19731.  Monf#*-Car!o  tech 
niques  (Berger  et  al..  197()j.  and  Fokker-Planck  (Banks  et 
al..  19741  and  Boltzmann  (Strickland  et  al.,  19761  transport 
equation  methrxls.  In  addition  Ur  the  aixave, time-independent 
approaches,  recent  time-dependent  models  taking-  atmos¬ 
pheric  motion  into  account  have  been  formulated  (Roble 
and  Rees.  19771. 

The  mtxlels  have  been  test“d  against  the  results  of  field 
experiments.  Advances  in  instrumentation  design  and  sen.sor 
technology  have  resulted  in  steady  improvement  of  the  pre¬ 
cision.  spectral  resolution,  and  minimum  detectable  emis¬ 
sion  level  in  the  field  and  lab<)ratory  experiments.  The  re¬ 
sulting  improved  and  expanding  data  set  has  broadened  the 
scope  and  increased  the  precision  of  our  understanding  of 
auroral  prwesses. 

12.2.2  Artificial  Auroral  Experiments 

In  leccnt  years,  rocketbome  electron  accelerators  have 
been  used  in  a  variety  of  active  experiments  in  the  upper 
atmosphere  (Winckler.  19821,  including  the  investigation 
of  wave-particlf  interactions,  beam-plasma  discharge,  par¬ 
ticle  trapping  in  the  geomagnetic  field,  generation  of  radio- 
frequency  electromagnetic  waves,  and  artificial  auroral 
experiments  (Figure  17-28).  A  series  of  artificial  auroral 
experiments  using  rocketbome  electron  accelerators  has  been 
conducted  at  AFGL  under  the  EXCEDE  program  (O'Neil 
et  al..  1978a  and  b,  1979,  19821.  In  artificial  aumral  ex- 
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periments  such  as  EXCEDE.  the  dose  conditions  (primary 
electron  energy,  ionization  rate,  dose  time,  and  dose  alti¬ 
tude)  are  carefully  controlled  and  defined.  By  contrast,  in 
natural  auroras  the  dose  conditions  must  be  'nferred  from 
the  observations  and  may  be  less  certain  because  the  effects 
are  integrated  over  a  range  of  altitudes  and  dose  levels. 
Consequently,  artificial  auroral  experiments  provide  a  useful 
adjunct  to  observations  of  naturally  occurring  aurora.s  in  the 
attempt  to  understand  auroral  phenomena. 


12.2.3  Emission  Rates 

The  kinetic  energy  of  the  auroral  particles  is  converted 
to  optical  and  infrared  emissions  of  discrete  wavelengths 
through  processes  initiated  by  inelastic  collisions  with  am¬ 
bient  atmospheric  species.  These  species  may  spontaneously 
relax  to  lower  energy  states  directly  while  emitting  radiation. 
Alternatively,  they  may  undergo  one  or  more  chemical  re¬ 
actions.  finally  resulting  in  an  excited  product  which  also 
emits  energy  by  spontaneous  radiative  decay.  The  specific 
auroral  processes  involved  in  the  production  of  various  ex¬ 
cited  species  continue  to  be  tne  focus  of  much  aeronomic 
study.  Excellent  general  reviews  of  auroral  processes  are 
given  by  Chamberlain  (I%1|,  Vallance  Jones  119741.  and 
Bates  |1982|.  The  reader' is  also  referred  to  the  textbooks 
on  atmospheric  radiation  by  Go<xly  11964]  and  on  infra’cd 
and  optical  spectroscopy  by  Herzberg  (1950.  1945,  1967) 
and  Huber  and  Herzberg  |I979|. 


The  intensity  of  atomic  and  molecular  transitions  from 
upper  state  u  to  lower  state  t  is  given  by  the  relation 

lu*  =  N„A„,.  (12.9) 

where  is  the  optical  intensity  in  photons  cm  ’  s  ',  N„  is 
the  population  of  the  upper  state  in  molecules  cm  and 
Au(  is  the  Einstein  A  coefficient,  or  radiative  transition  prob¬ 
ability,  in  s  '.  If  auroral  activity  has  continued  long  enough 
for  the  produ-'Mon  and  loss  processes  of  a  given  state  to 
come  to  equilibrium,  the  number  of  excited  molecules  per 
cm'  at  steady  state.  Nu„.  is  given  by 

K..  =  Pu/L«.  (12.10) 

where  P„  is  the  pnrduction  rate  per  unit  volume  in  cr.  's  ' 
and  Lu  the  loss  rate  in  s'.  The  loss  rate  of  a  given  state 
may  be  described  by  the  relation 

U.  =  S  A.<  +  Kuo,  IO2)  +  [N:| 

t 

+  K,k>|01  +  .  .  .  .  (12.11) 

where  K^m  is  the  rate  coefficient  in  cm's  '  molecule  '  for 
collisional  deactivation  (or  quenching)  of  the  excited  s*ate 
by  species  M. 

The  production  of  a  given  excited  state  may  be  the  result 
of  electron  impact  in  inelastic  collisions  of  the  form 

e  +  N—  N*  +  e.  (12.12) 
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the  result  of  energy  transfer 

M*  +  N-»M  +  N*.  (12.13) 

or  the  result  of  a  chemiluminescent  reaction 

A  +  BC-*AB*+C.  (12.14) 

Here  the  asterisk  indicates  an  excited  state  of  the  atom  or 
molecule.  In  the  case  of  eneray  transfer,  production  of  the 
excited  state  N*  has  resulted  from  the  collisional  deacti¬ 
vation  or  quenching  of  the  excited  M*  to  some  lower  energy 
state.  For  the  chemiluminescent  reaction,  some  fraction  of 
the  exothermicity  of  the  reaction  has  been  converted  to 
internal  energy  of  'he  product  rrioiccule.  A  comprehensive  , 
review  of  auroral  production  and  loss  processes  is  given  in 
the  monograph  by  Vallance  Jones  (I974|.  Production  and 
loss  proces.ses  for  metaslable  states  were  recently  reviewed 
by  Torr  and  Torr  1 1982|. 

12.2.4  Auroral  Processes 

A  flow  diagram  indicating  some  physical  and  chemical 
processes  leading  to  selected  ultraviolet,  visible,  and  in¬ 
frared  auroral  emissions  is  presented  in  Figure  12-29.  This 
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figure  is  schematic  and  indicates  only  examples  of  selected 
auroral  production  and  loss  mechanisms.  All  primary  elec¬ 
trons  with  energies  in  excess  of  100  eV  partition  their  kinetic 
energy  in  the  atmosphere  in  approximately  the  same  branch¬ 
ing  ratios.  That  is.  regardless  of  the  primary  electron  energy, 
approximately  the  same  fraction  of  the  initial  kinetic  energy 
is  spent  in  forming  various  ions  (N/.  N/*,  N*.  N**, 
O/.O/'.O*.  .  .  .)or  various  neutral  excited  states  (Nj. 
O.,  N(,  col.  NO*.  .  .  .).  Here  and  in  the  remainder  of  this 
chapter,  the  asterisk  is  used  to  indicate  electronically  excited 
species,  while  the  symbol  t  indicates  vibrational  excitation. 

Excited-state  ions  produced  when  the  primaries  ionize 
atmospheric  neutrals  may  relax  by  spontaneous  decay  to  a 
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Figure  12-30.  Electronic  energy  levels  and  principal  electronic  band  sys¬ 
tem  of  N:  and  N; '  (adapted  from  Vallan<'C  Jones.  1974), 
Forbidden  transiiions  are  indicated  by  dashed  lines. 


Figure  I2'.3I.  Electronic  energy  levels  and  principal  electronic  band  sys¬ 
tems  of  O;  and  0>'  jVallancc  Jones.  I974|.  Forbidden 
transitions  are  indicated  bv  da^hed  lines. 
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lo«ef  slate  emitting  a  quantum  of  energy  or  photon  in  the 
process.  The  N/  first  negative  -  X’S,*).  N/  Mei- 

neKAHly  -  X%*).andO.*  first  negative  (b'*S/  -  a’n„) 
systeips  (Figures  12-30  and  12-31)  are  examples  of  elec¬ 
tronic  transitions  of  molecular  ions  producing  significant 
levels  of  aunrral  emissions.  The  secondary  electrons  re¬ 
sulting  from  ionization  of  the  ambient  atmosphere  account 
for  a  large  fraction  of  the  primary  electron's  energy  as  it  is 
slowed  and  stopped  in  the  atmosphere  by  successive  ionizing 
collisions.  The  secondary  electrons  lose  most  of  their  energy 
in  inelastic  collisions  which  result  in  excited  states  of  neutral 
atmospheric  species,  N;*.  O;*.  and  NiJ.  The  Nj  (a'fl,) 
slate,  giving  rise  to  the  Lyman-Birge-Hopfield  system,  and 
vibrationally  excited  Nii  are  representative  of  the  excited- 
state  neutral  species  produced  by  secondary  electrons,  as 
illustrated  in  Figures  12-29  and  12-30.  Thus,  the  neutral 
excited  species  are  produced  by  impact  with  neutrals  of 


secondary  electrons,  which  themselves  result  from  ion-pair 
production  by  the  more  energetic  primary  auroral  electrons. 
These  excited  neutral  species,  in  turn,  radiate,  giving  rise 
to  aurorally  enhanced  emissions.  Some  of  the  affected  band 
svsieins  of  N2  and  O2  are  shown  in  Figures  12-30  and  12- 
31. 

The  fraction  of  the  primary  electron  energy  radiated  in 
a  given  optical  transition  as  an  energetic  electron  and  its 
secondary  electrons  are  stopped  in  the  atmosphere  is  defined 
as  the  electron-induced  radiant  efficiency  for  t!iat  transition. 
The  electron-induced  radiant  efficiency  i«  independent  of 
electron  energy  for  energies  greater  than  approximately  100 
eV.  Radiant  efficiencies  for  selected  auroral  emissions  are 
presented  in  Table  12-3,  which  indicates  that  21  to  34%  of 
the  electron  energy  radiates  in  these  aurora)  emissions,  with 
the  infpued  emissions  of  CO2  and  NO  gccounting  for  large 
fractions  of  the  incident  electron  energy.  Table  12-3  is  based 


Table  12-3.  Auroral  IBC  III  inlensities  and  electron-induced  radiant  efficiencies. 


Emission 

/ 

Zenith 

brightness*!  kR) 

Electron-induced 
radiant  efficiency 
(X  10^) 

Ng  first  positive  system*’ 

900 

1.6 

N2  second  positive  system' 

90 

0.5 

N2  Lyman-Birge-Hopfield  system 

380 

4.4 

N2  Vegard-Kaplan  system 

55 

0.3 

N2  *  first  negative  system 

ISO 

0.7 

N2*  first  negative  (0-0)  band 

98 

0.45'* 

Ng*  Meinel  system* 

770 

1.3 

O2  atmospheric  system 

1300 

3.0 

O2  infrared  atmospheric  system 

2500 

3.5 

0}  first  negative  system 

26 

0.1 

NO  y  band 

60 

0.5 

NI  8680  A  ('P-'D") 

10.5 

0.022 

Nil  2144  A  (’P-’S") 

32* 

0.3 

01  7774  A  (V-’P) 

9.6 

0.022 

01  8446  A  (’S”-’P) 

11.5 

0.024 

01  5577  ACD-'S) 

lOO" 

0.32 

01  6300,  6364  A  (’P-'D)» 

2-100 

0.0056-0.28 

01  1302-1306  A  (2’P-3’S“) 

30 

0.4 

NO  first  overtone  2.7  jtm*' 

0.5-1 .4  X  10’ 

0.4-1. 0 

CO2  (001-000)  4.3  jim’j 

3-30  X  10’ 

1-12 

NO  fundamental  5.3  p.m'' 

6-12  X  10' 

2-4 

Total  20.8-34.7 

‘Intensities  are  from  Valiance  Jones  ( I974|.  unless  otherwise  indicated. 

'Wallance  Jones  and  Galtinf,er  |I976|. 

‘Valiance  Jones  and  Gattinger  (19751. 

■'Reference  value. 

‘Gattinger  and  Valiance  Jones  (1981). 

'Sharp  (19781. 

•Intensity  and  efficiency  are  strongly  altitude  (or  primary  electron  energy)  dependent. 

"R.J.  Huppi  and  Stair  (1979). 

'Values  are  typical  for  rocketbome  measurements  of  this  strongly  self-absorbed  band  The  primary  production  pttKess,  vibrational  energy  transfer  from 
N;?.  is  a  slow  process,  and  steady-slate  radiance  efficiencies  are  difficult  to  establish.  See  Stair  et  al  (1975). 

'See  also  Gordiets  el  al.  (1978!. 

‘Inferred  from  Caledonia  and  Kennealy  (I9G2). 
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principally  on  the  auroral  multiplet  and  band  system  in¬ 
tensities  presented  by  Vallance  Jones  1 1974)  for  an  IBC  111 
aurora  and  assumes  an  electron-induced  radiant  efficiency 
of  4.5  X  10"'  for  the  N/  first  negative  (0-0)  band  at  3914 

The  band  system  intensities  of  Table  12-3  are  given  in 
Rayleighs  (R).  The  unit,  proposed  by  Humen  et  al  1 1956], 
is  an  equivalent  column  radiance  of  10^  photons  cm~^  s  ' 
aixl  was  named  in  honor  of  the  fourth  Lord  Rayleigh,  who 
made  the  initial  measurement  of  the  absolute  intensity  of 
the  night  airglow.  Standards  of  auroral  optical  intensity  were 
proposed  by  Seaton  (1954)  and  hunten  |  I95SI  based  on  the 
brightness  of  the  most  intense  visible  feature  of  the  aurora, 
the  0('S  -  'D)  5577  A  auroral  green  line  (Figure  l2-32t. 

ENERGY-LEVEL  DIAGRAM  OF  THE  TERMS 
OF  THE  01  2s*2p^  CONFIGURATION 


Figure  I2-.12.  Lowest-lying  energy  levels  and  forbidden  innsilKms  in 
alotnis  oxygen  The  radiative  lifetimes  of  the  'S  and  ‘D 
levels  are  indicated. 


The  result  was  the  establishment  of  a  logarithmic  scale,  the 
International  Brightness  Coefficient  (IBC),  defined  in  Table 
12-4.  In  Figure  12-19  the  IBC  is  related  to  other  auroral 
parameters,  such  as  the  electron  energy  flux,  peak  E  region 
electron  density  at  steady-state,  and  optical  radiance  at  .3914 

A. 

The  probability  of  radiative  decay,  or  Einstein  traiisition 
probability  A„r .  is  governed  by  quantum-mechanical  selec- 


Tablc  12-4.  International  Brightness  Coefficient  tIBCi 


IBC  Class 

Brightness  (kR),  0('S-'D)  5577  A 

1 

II 

1 

!0 

III 

100 

IV 

1000 

tion  rules  (Herzberg,  1950),  the  most  important  of  which 
are  the  electric-dipole  selection  rules.  Transitions  obeying 
electric  dipole  selection  rules  have  high  probability  for  decay 
(large  values)  ami  are  designated  as  allowed  or  permitted 
transitions.  The  Ns*  first  negative,  N/  Meinel  (Figure  12- 
30).  and  0/  first  negative  (Figure  12-31)  transitions  are 
examples  of  allowed  electronic  transitions.  Transitions  vi¬ 
olating  the  selection  rules  have  small  transition  probabilities 
and  are  denoted  ns  forbidden  transitions.  Excited  states  from 
which  only  forbidden  transitions  originate  are  metastable. 
Forbidden  transitions  in  atomic  oxygen,  atomic  nitrogen, 
molecular  oxygen,  and  molecular  nitrogen  are  important 
auroral  transitions  (Figure  12-29),  and  their  intensities  and 
altitude  profiles  have  been  used  as  indices  of  both  auroral 
brightness  and  auroral  color  type. 

The  color  of  an  aurora  varies  markedly  and  has  been 
used  to  classify  auroras  into  color  classes  according  to  the 
International  Auroral  Atlas  (lAA),  published  by  the  Inter¬ 
national  Union  of  Geodesy  and  Geophysics  in  l%3.  Since 
energetic  electrons  penetrate  to  lower  altitudes,  the  color 
variations  are  piimarily  due  to  differing  mean  energies  and 
energy  distributions  for  the  primary  electrons  incident  on 
the  atmosphere.  Metastable  species  with  small  Einstein  tran¬ 
sition  probabilities  are  vulnerable  to  collisional  deactivation 
at  relatively  low  gas  densities  (high  altitudes).  The  CH'D) 
state  (Figure  12-32)  with  an  A  value  of  6.8  x  |(T’  s  '  is 
quenched  in  collisions  with  Nv  at  altitudes  less  than  300 
km.  Thus,  at  altitudes  less  than  300  km.  the  6.300  A  auroral 
red  line  emissions  from  this  state  to  'Pj  and  'P|  levels  ate 
diminished  relative  to  other  visible  emissions.  As  a  con¬ 
sequence.  ground-based  measurements  of  the  4278  A  Nj  * 
firet  negative  (0  -  I )  band  intensity  1(4278)  and  of  tbe  atomic 
oxygen  red  line  intensity  1(6300)  can  be  used  to  determine 
the  total  auroral  electron  flux  and  characteristic  electron 
energy,  or  equivalently  the  altitude  profile  of  energy  dep¬ 
osition  I  Rees  and  Luckey,  1974;  Shepherd  and  Father,  1976). 
While  1(4278)  is.  proportional  to  the  total  energy  deposited, 
I(6300)/I(4278)  is  sensitive  to  the  altitude  profile  of  energy 
deposition  and  decreases  in  value  for  lower  altitude  auroras 
(more  energetic  primary  electrons). 

Similarly,  the  0('S)  state,  which  is  the  source  of  the 
green  line  (Figure  I2-.32).  has  an  A  cfiefficient  of  1.25  s  ' 
and  is  quenched  by  O:  at  altitudes  less  than  100  km.  The 
collis’onal  destruction  of  this  species  contributes  to  the  red 
lower  border  of  the  type-B  red  aurora.  The  N:(A'  * )  state 

(Figure  I2-.30)  is  the  major  source  of  0('S)  in  the  au.ora 
through  the  energy -transfer  process  (Figure  12-29) 

N:(A'S;)  -I-  Ot'P)— (X'S)  -I-  Nv.  (12.15) 

as  reported  by  O'Neil  et  al.  |I979|  and  Piper  11982).  Ein¬ 
stein  A  ctxfficients  for  molecular  transitions  of  auroral  in¬ 
terest,  in  some  cases  summed  over  all  possible  lower  states, 
are  given  in  Table  12-5..  while  A  ccx;fficients  for  atomic 
oxygen  transitions  arc  the  rccipnx'als  of  the  lifetimes  listed 
in  Figure  12-32.  Ultraviolet  and  visible  auroral  spectra  re- 
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Tabic  12-5  Eimlein  coenkients  for  auroral  molecular  (rantiliont  * 


System 

v' 

I  A.  As  ')  1 

Nj  first  positive  ) 

0 

I.I2(  +  5)'> 

(2.53-0.478  urn) 

1 

1.29  (  +  5) 

2 

1.43  (  +  5) 

3 

1.54  (+5) 

. 

4 

1.64  (  +  5) 

5 

1.73(  +  5) 

' 

6 

1.81  (  +  5) 

' 

7 

1.98  (  +  5)' 

8 

2.12  (  +  5)' 

9 

,  2.27  (  +  5)‘ 

' 

10 

2.31  (  +  5)‘ 

n 

2.39  (  +  5)' 

. 

12 

,  2.43  (  +  5)' 

N I  second  positive  (C’n„-B'n,) 

0 

2.73  (  +  7) 

(Oi.546^.268  Jim) 

1 

2.75  (  +  7) 

2 

2.73  (  +  7) 

3 

2.67  (Tf  7) 

4 

2.50  (+7) 

N:  Wu-Benesch(W’A.-B’n,) 

0 

6.00  (-2) 

(2.2-4  3  tim) 

1 

5.00  (  +  2) 

2 

2.04  (  +  3) 

3 

4.28  (  +  3) 

4 

7.26  (  +  3) 

5 

1.08  (  +  4) 

6 

1.45  (  +  4) 

7 

1.84  (+4) 

N:  Vegard-Kaplan  (A’2;-X'2;) 

0 

5.30  (-1) 

(0.532-1.25  tim) 

N:  Lyman-Birge-Hupfield  (a'n,-X'Z/  ) 

6.7  (  +  3) 

(0.26(W).I00  jim) 

N;  Herman-Kapl'jn  (E'Z/  -A'2„*^ ) ' 

3.0  (  +  3) 

(0.274-0.213  pm) 

N/  first  negative  (B^2  *  -X’Z/  ) 

0. 

1.41  (  +  7) 

(0.587-0.286  pm) 

I 

1.38  (  +  7) 

2 

1.4  (+7) 

N;  MeincI  (Am„-X%* 

0 

6.04  (-1-4) 

(0.177-0.550  pm) 

1 

7.20  (-1^4) 

2 

8.30(4  4) 

3 

9  34  (  +  4) 

■  4  ■ 

1.03  (4  5) 

5 

1.12(45) 

6 

1.21  (45) 

7 

1.30  (  4  5) 

8 

1.37  (45) 

9 

1.45  (45) 

■  ■ 

10 

1.52  (45) 
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System 

v'-v* 

A,v(s-') 

Band  origin 
(ptm) 

Oj  atmospheric  (b'2/  -X’2, )' 

0-0 

8.5  (-2) 

0.7619 

1-0 

6.9  (-3)  . 

0.6882 

2-0 

(1.636  ±  0.040)  (-4) 

0.6287 

l-l 

(7.04  ±  0.42)  (-2) 

O.7708 

0-1 

4.16  (-3)* 

0.8645 

Oj  IR  atmospheric  (a'A,-X'2g  / 

0-0 

2.58  (-4)* 

1.269 

0-1 

1.75  (-6)». 

1.5M 

O:  Noxop  (b‘S,*  -a'Ag/ 

0-0 

1.5  (-3) 

1.908 

*AII  dau  are  from  Loflus  and  Knipenie  1 1977)  unless  otherwise  ineirated. 

‘The  notation  "afnl"  means  “ax  10"". 

"Eyler  and  Pipkin  11983). 

*Cottected  for  a  -♦  a’  cascade  (Freund.  1972). 

"Using  relative  transition  probabilities  for  E  -*  A.  E  -•  C.  and  E  -♦  B  from  Freund  1 1969)  and  lifetime  of  E  slate  from  Borst  and  Zipf  1 1971 1. 
'Krupenie  11972) 

*Calculated  from  upper-state  lifetime  and  Frarkk-Condon  factor. 


suiting  from  the  EXCEDE  artificial  auroral  experiment  are 
presented  in  Figures  l2-33a  and  b.  Natural  auroral  spectra 
in  the  ultraviolet  and  visible  are  shown  in  Figures  12-34 
through  12-37. 

Caution  is  urged  in  applying  artificial  auroral  spectra  to 
situations  involving  natural  aurora.  The  former  are  biased 
toward  prompt  emitters,  and  delayed  emitters  such  as  the 
CO:  4.3  (i.m  band  may  not  be  measured  efficiently.  This  is 
true  of  ground-based  spectra  such  as  Figure  12-33b  due  to 
continual  nwtion  of  the  electron  gun  through  the  atmosphere 
into  undosed  regions.  However,  the  remark  applies  espe¬ 
cially  to  rockctbome  spectra,  where  the  spectrometer  can 
only  observe  a  dosed  region  for  a  short  while. 
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12.2.5  Infrared  Auroral  Emissions 

The  development  of  infrared  cryogenic  instrumentation 
and  sensors  has  facili.ated  the  measurement  of  infrared  au¬ 
roral  emissions  in  recent  years  [Stair  et  al.,  1983],  Infrared 
artificial  auroral  spectra  from  EXCEDE  are  shown  in  Figures 
l2-38a  and  b,  while  natural  airglow  and  auroral  emissions 
in  the  0.88  to  5.4  p,m  range  are  illustrated  in  Figures 


Figure  l2-33a.  Ultraviolet  spectnim  taken  during  EXCEDE  SPECTRAL 
artiHcial  auroral  experirrent  at  125  km  altitude  Principal 
band  systems  seen  are  the  Lyman-Birge-Hopfteld  (LBH), 
Herman'Kaptan  (HK).  Vegard-Kaplan  tVKl.  and  second 
positive  (2?)  systems  of  Ni  [O'Neil  et  a!,.  1982|. 


Figure  I2-33b.  Visible  spectrum  taken  from  the  ground  w’»h  an  image- 
intensihed  spectrograph  during  the  PRECEDE  artificial 
auroral  experiment  with  payload  at  92  km  Principal  hand 
systems  seen  are  N:  *  first  negative  f  IN)  and  Meincl  (M) 
systems  and  the  N:  first  positive  (IP)  system  [O'Neil  et 
al.,  I978al. 
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Figure  l2-34a.  Extreme  ultraviolet  side-looking  spectrum  (525-1250  A) 
of  a  natural  aurora  taken  at  ,160-180  km  altitude  ibottom), 
with  a  comparable  measured  dayglow  spectrum  (top). 
Principal  band  system  is  the  Nj  Birge-Hopfield  (BH)  sys¬ 
tem.  Prominent  N  1  and  N  II  lines  and  off-scale  O  I.  O 
II.  and  Ly-o'lines  are  also  present  (Feldman  and  Gentieu. 
1982). 


12-  39,  12-40.  and  12-41.  Spectra  of  the  near-infrared  por¬ 
tion  of  this  range  are  also  shown  by  D.  Baker  et  al.  [1977). 
Emissions  in  this  wavelength  range  correspond  to  energies 
varying  from  1.4  eV  at  0.88  yim  to  0.23  eV  at  5.3  )im. 
The  energy  levels  involved  in  these  less  energetic  transitions 
producing  infrared  emission  are  both  electronic  states  of  N2 
and  Os  (Figures  12-30  and  12-31 )  and  vibrational  transitions 
within  the  ground  electronic  state  of  minor  atmospheric 
species.  Pure  vibrational  transitions  are  forbidden  in  the 
homonuclear  diatomic  molecules  Ns  and  Os  forming  the 
major  constituents  of  the  atmosphere.  Thus  infrared-active 
minor  atmospheric  species,  such  as  the  diatomics  OH.  CO. 
NO.  and  NO*  and  the  triatomic  species  COs.  NsO,  NOs. 
and  O3  become  the  principal  sources  of  infrared  airglow 
[Chapter  I3|  and  auroral  emissions  at  longer  wavelengths. 
The  potential  energy  curve  and  fundamental  and  first-over¬ 
tone  vibrational  transitions  of  NO  are  shown  in  Figure 
12-42.  and  the  band  origins  and  Einstein  coefficients  are 
given  in  Table  12-6.  The  vibrational  energy  levels  of  COj 


Figure  1 2-34b.  Far  ultraviolet  auroral  spectrum  ( 1 1 75- 1 520  A)  under  the 
same  conditions  as  Figure  1 2- 34a.  Dominant  features  are 
the  N-  Lyman-Birge-Hopbeld  (LBH)  band  system  and 
atomic  emissions  from  N  I  (1200  A),  Ly  a  (1216  A),  and 
O  I  (1304  and  1356  A)  (Feldman  and  Gentieu.  I982|. 


Figure  12-35.  Far  ultraviolet  auroral  spectrum  from  a  nadii-lixiking  sat¬ 
ellite  (1700-3200  Al.  Principal  band  systems  are  the  N: 
Lyman-Birge-Hoptield  (LBH).  Vegard-Kaplan  (VK).  and 
second  positive  (2POSl  systems  (Sharp  and  Rees.  1972; 
Sharp,  I978|.  The  dotted  eur  e  is  a  synthetic  spectrum. 
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Figure  l2-36a.  Observed  ullraviolel  ground-based  spectrum  of  an  aurora  from  3100-3920  A  |(op>  along  with  synthetic  spectrum  (bottom).  The  synthetic 
spectrum  is  also  shown  as  a  dotted  line  in  the  top  panel,  and  various  components  of  the  synthetic  spectrum  are  shown  in  th'  bottom  panel. 
&veral  band  systems  are  shown  with  the  same  notation  as  in  Figures  l2-33a,b  I  Vail  oce  Jones  and  Gattinger,  I97S|. 


Figure  t2-36b.  Ground-based  visible  auroral  spectrum  from  .1920-  4720  A  Details  are  as 
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2-37c.  Same  as  l2-37a.  but  for  the  spectral  range  7400-9000  A. 
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Figure  I2'38a.  Shorl*ujvc  infrared  spectrum  taken  of  electron- induced 
emission  with  liquid-nitrogen-cix)!ed  spectrometer  during 
KXCEDE  artificial  aurora!  experiment  at  altitude  of  74 
km.  Dominant  emissions  arc  the  N:  Wu-Bcncsch  band 
system,  as  well  as  NO  and  CO;  vibrational  bands  (O'Neil 
cial. .198:11 
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Figure  !2-.^8b  Hlecirtm-induced  infrared  spectra  taken  with  liquid  he 
llum-Ci)oled  spectn>meter  at  74  km  during  FXCEDE  ar 
tificiai  auroral  experiment  |0‘Neil  el  al  .  I9K2|. 
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are  schematically  represented  in  Figure  12-43.  and  the  band 
origins  and  transition  probabilities  for  CO,  CO2.  N2O.  NOj, 
HiO.  Oi.  and  NO*  are  presented  in  Table  12-7. 

Not  ail  the  above  atmospheric  infrared  radiators  give 
rise  to  emissions  that  are  aurorally  enhanced.  Modest  two¬ 
fold  enhancements  of  the  1.27  jim  epiission  from  the  O2 
(0 — 0)  infrared  atmcspheric  band  (a'A^  -  X'S^  )  (Figure 
12-31)  have  been  reported  in  a  vei^  strong  IBC  111  *  aurora, 
and  the  enhancement  ha.->  been  explained  through  direct  elec¬ 
tron  excitation  of  O^  (D.J.  Baker  et  al.,  1978].  Due  to  the 
ii.irig  lifetime  (3900  s)  of  the  0:(a‘ A^)  state,  horizontal  winds 
i.in  transport  the  excited  species  dowrlwind  by  several  hundred 
kilometers  before  it  decays  |Rees  and  Roble.  I980|,  serving 
to  complicate  the  analysis.  The  Wu-Benesch  hands  of  N, 
(W'A„  —  B'llp)  (Figure  I2-.30)  are  stmnp  fe.itiires  of  the 
EXCEDE  artificial  amoral  spectra  (Figuie  l2-38a)  in  the 
2-4  (im  region,  but  have  not  been  observed  in  natural  au¬ 
roras.  probably  due  to  lack  of  sensor  sensitivity.  Recent 
observations  [Stair  et  al..  I983|  during  the  HIRIS  experi¬ 
ment  indicate  enhancements  of  the  15  p.m  CQj  v;  band 
emission  as  well  as  the  9-6  (xm  v,  band  emission  in  a 
very  strong  (IBC  III  * )  aurora.  However,  no  mechanism  for 
these  enhancements  is  known  at  the  present  time.  Conse¬ 
quently,  the.se  observations  await  elaboration  through  fur¬ 
ther  experiments  and  data  analysis.  The  remainder  of  this 
section  deals  with  the  most  firmly  established  and  best 
understood  infrared  auroral  enhancements,  namely  the  2.7 


p.m  and  5.3  |xm  emission  from  NO  and  the  4.3  p.m  emission 
from  CO-. 

Nitric  oxide  is  an  important  minor  constituent  in  the 
thermosphere.  It  is  infrared-active,  radiating  near  5.3  ^.m 
in  the  fundamental  Av  =  I  sequence  and  near  2.7  pim  in 
the  first  overtone  (Av  =  2)  (Figure  12-41).  The  5.3  p.m 
fundamental  band  emission  is  an  important  cooling  mech¬ 
anism  for  the  thermosphee  [Chapter  13;  Kockarts,  19801. 
The  V  =  1  state  is  predominantly  produced,  in  the  nighttime 
quiescent  atmosphere,  by  collision  with  atomic  oxygen  and 
by  absorption  of  earthshine  [Chapter  131, 

NO(v  =  0)  -t  0?2N0{v  =  I)  -I-  O  (12.16) 

NO  (v  =  0i  -I-  hv  (earthshine) —»  NO  (v  =  1).  (12.17) 

These  processes  primarily  produce  the  NO  (v  =  I)  level 
with  insignificant  population  of  levels  v  s  2. 

Vibrationally  excited  NO  is  also  produced  by  chemical 
reactions  initialed  by  precipitating  aurora!  electrons.  Lab¬ 
oratory'  studies  have  shown  that  the  major  chemiluminescent 
auroral  process  that  produces  NO  (Figare  12-29), 

N(’D)  +  O2—  NO(v)  -b  O.  (12.18) 

populates  NO  levels  up  to  v  =  12  [Kennealy  et  al.,  1978). 
The  N(-D)  is  produced  directly  from  N-  by  precipitating 
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Figure  12-40.  Infrared  ‘ipectrum  from  1.0  lo  I.6S  Am  *aken  from  Ihe 
ground  (top  paneliil  along  with  cc-re^ponding  syntlieljc 
spectra  (bottom  panels)  {Gattinger  and  Vallance  Jones, 
1981 1. 
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Figure  12-41  n 'h  six.  irum  of  natural  aurora  in  ihc  I  5  lo  “i  4  (im 
■•r  ;  lalicn  from  86  km  showing  pnntipal  emitters 
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Figure  12-42.  Tolenlial  energy  curve  for  lowest  electronic  stale  of  nitric 
oxide,  showing  vibrational  energy  levels  as  well  as  fun¬ 
damental  and  first  overionc  vibrational  transitions  (adapted 
from  Gilmore,  l%51. 


electrons  and  by  dissociative  recombination  and  charge- 
exchange  reactions  of  aurorally  produced  ionic  species, 

Nj  -F  c  2e  +  f,N(^D)  -F  (1  -  f,)  N("S)  -F  N* 

Nj  -F  e  -8  e  +  2f2N(^D)  +  2{I  -  f:)N(*S) 


-F  e  —  2f,N(^D)  -F  2(1  -  f,)N("S) 

NO*  +  e  -►  0.76  N('D)  -F  0.24  N(‘S)  -F  O 
N2*  -F  O  -8  fa  N(^D)  -F  (I  -  fa)  N("S)  -F  NO" 


f5  N('D)  -F  (1 


fs)  NCS)  -F  Os*. 

(12.19) 


The  branching  ratios,  fj  are  of  crucial  importance,  but  they 
are  uncertain  for  all  reactions  except  NO  *  recombination 
(fa  and  fs  are  probably  near  unity).  Nevertheless,  the  pro¬ 
portion  of  N(  -D)  that  reacts  with  O-  to  produce  NO(  v)  should 
vary  with  altitude  as  the  reaction  of  Equation  (12.18)  com¬ 
petes  with  quenching  of  Nt’D)  by  atomic  oxygen.  The  vari¬ 
ation  of  the  lOl/fO-l  ratio  with  altitude  above  100  km  then 
leads  to  an  altitude-dependent  efficiency  for  auroral  NO(v) 
production.  The  altitude  dependence  of  this  production  ef¬ 
ficiency  can  then  account  for  the  variabilit;.  of  fi.3  )im 
auroral  emission  with  auroral  strength  since  auroras  pro¬ 
duced  by  more  energetic  electrons  have  lower  ficak  ioui- 
zation  altitudes. 
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T»ble  12-6.  Band  origins  and  Ihertnally-averaged  Einstein  coefficients  for 
the  fundamental  and  first  overtone  vibrational  transitions  of 
.  nitric  oxide. 


•Billingsley  11976) 

'Calculated  fntm  vibrational  constants  of  Goldman  and  Schmidt  II975). 


Figure  l2*d.X.  Lowest  vibrational  energy  levels  of  CO;  molecule  showing 
some  transitions  of  aeronomic  interest. 


The  situation  is  somewhat  complicated  by  the  large  vari¬ 
ability  of  NO  and  by  its  transport.  Since  the  rates  of  reaction 
of  NO  [Equations  (12.16)  and  (12.17)]  are  proportional  to 
the  NO  density,  the  nighttime  quiescent  component  of  the 
fundamental  band  should  be  stronger  at  high  latitudes,  es¬ 
pecially  in  aurorally  predosed  regions  where  the  NO  density 
is  expected  to  be  large  jSwider  and  Narcisi,  1977],  Nitric 
oxide  is  a  long-lived  species  in  the  thermosphere,  and  model 
calculations  have  pointed  out  the  importance  of  thermo¬ 
spheric  winds  in  redistributing  aurorally  produced  NO  [Ru¬ 
ble  and  Cary.  I979|. 

The  NO  5.3  p.m  band  radiance  and  the  spectral  shape 
of  the  emission  depend  on  whether  the  NO(v)  is  produced 
by  the  quiescent  mechanisms  [Equations  (12.16)  and  (12.17)) 
or  the  auroral  mechanism  [Equation  (12. 18)|.  As  alluded  to 
previously,  the  quiescent  processes  can  only  excite  the  1-0 
transition,  while  the  auroral  process  should  yield  in  addition 

appreciable  emission  in  the  hot  bands  2-1,  3-2 . 

12-11.  Evidence  of  these  components  of  the  NO  Av  =  1 
emission  in  an  aurora  of  only  moderate  intensity  (IBC  II) 
is  clearly  seen  in  the  spectra  resulting  from  the  launch  of  a 
high-resolution  (1.2  cm  ')  rocketbome  field-widened 
interferometer  (FWI)  from  Poker  Flat,  Alaska,  in  March 
1983  [Steed  et  al.,  1983;  Murphy  et  al.,  1983).  Preliminary 
analysis  of  the  FWI  flight  data  indicates  that  the:  hot  band 
component  increases  with  auroral  energy  deposition  in  a 
mainner  consistent  with  the  mechanism  of  Equation  (12. 18). 

In  contrast  to  the  5.3  pm  NO  fundamental,  the  overtone 
band  near  2.7  pm  arises  only  when  levels  v  st  2  are  excited. 
Thermal  collisions  and  earthshine  do  not  populate  these 
levels  significantly,  and  thus  the  2.7  pm  emission  is  neg¬ 
ligible  during  quiet  nighttime  conditions.  However,  the 
Av  =  2  sequence  is  observed  even  for  moderate  IBC  II 
auroras  [Caledonia  and  Kennealy,  1982).  the  emission  oc¬ 
curring  with  an  efficiency  of  0. 4-1.0%  [R.J.  Huppi  and 
Stair.  1979;  Reidy  et  al.,  I982| 

The  altitude  profiles  of  zenith  spectral  radiance  measured 
during  several  earlier  auroral  rcKket  experiments  in  the  ICE¬ 
CAP  series  involving  lower-resolUtion  spectrometers  than 
the  FWI,  are  shown  in  Figure  12-44  [Stair  et  al.,  1975]. 
The  5.3  pm  radiance  is  .seen  to  be  enhanced  for  the  IBC 
III  ■  aurora,  but  essentially  at  quiescent  levels  for  the  weaker 
IBC  II  and  II*  auroras.  On  the  other  hand,  the  2.7  pm 
radiance  is  enhanced  fur  both  the  IBC  II  and  III  *  auroras 
recorded. 

The  failure  to  observe  any  enhancement  of  NO  5.3  pm 
radiance  in  moderate  IBC  ll-II  *  auroras  during  :he  ICECAP 
series  of  flights  contrasts  sharply  with  the  enhancement  of 
the  Av  =  1  hot  band  component  seen  in  the  FWI  experiment 
during  a  moderate  aurora.  The  lack  of  enhancement  in  the 
ICECAP  observations  is  due  to  the  existence  of  two  con¬ 
ditions:  ( 1)1  he  ICECAP  detector's  long-wavelength  cutoff, 
shown  at  5.4  pm  in  the  data  of  Figure  12-41 ,  passes  all  of 
the  0  and  R  branches  of  the  NO  (1-0)  band,  but  misses 
more  than  half  of  the  hot-band  eir.ission.  (2)  Quiescent- 
atmosphere  emission  dominates  auroral  emission  in  the  re- 
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Table  12-7.  Data  on  infrared  bands  of  atmospheric  interest.* 


Rotational 

Band  Origin 

Band 

Einstein 

constant 

strength  S 

B 

Wave  number  vo 

Wavelength 

(em'^atm' 

coefficient  A 

Species 

(cm-') 

Transition 

(cm') 

(M.m) 

at  273  K) 

(s-') 

Reference 

CO, 

0.390 

10"0-00^ 

1388 

■m 

Inactive 

Inactive 

c 

Ol'O-OO'H) 

667.4 

205 

1.28 

c 

00“1-00“0 

2349 

2380 

368 

c 

lO^l-OO^H) 

3715 

2.69 

37.2 

14.4 

c 

20“1-00"0 

4978 

I'll 

0.868 

0.603 

c 

00"1-10"0 

961.0 

10.4 

o.ono" 

0.411 

c 

HjO 

d 

100-000 

3657 

2.73 

12.0 

4.52 

e 

01(M)00 

1595 

6.27 

257 

18.30 

f 

001-000 

3756 

2.66 

172 

67.90 

c 

1 

011-000 

5331 

1.88 

19.9 

15.90 

e 

N2O 

0.419 

00"1-00'’0 

2224 

■{[m 

1% 

g 

Ol'O-OO'V) 

588.8 

24.4 

0.119 

e 

lo^xi-ocyo 

1285 

7.78 

10:1 

e 

0, 

d 

100-000 

1103 

9.07 

16.6 

0.568 

f 

010-000 

700.9 

14.3 

15.6 

0.214 

f 

001-000 

1042 

9.60 

345 

10.5 

f 

NO, 

d 

100-000 

1320 

7,58 

_ 

h 

010-000 

749.6 

13.3 

13.1 

0.207 

001-000 

1617 

6.18 

1520 

111 

i 

■ 

101-000 

2906 

3.44 

64.0 

15.2 

i 

CO 

1.931 

1-0 

2143 

4,67 

243 

31.3 

c 

2-0 

4260 

2.35 

1.86 

1.12 

c 

NO" 

1.997 

1-0 

2344 

4.27 

70.8 

10.9 

j 

4656 

2.15 

1.15 

0.697 

i 

2312 

4.32 

135" 

20.2 

i 

NO 

1,705 

1-0 

1876 

5.33 

109 

10.8 

k 

2-0 

3724 

2.68 

1.18 

0.460 

k 

OH 

18.871 

1-0 

msimm 

UBM 

24.0 

i 

2-0 

8.98 

mSm 

' 

"Table  adapted  and  updated  from  Kcnncaly  and  Del  fircto  1 1972| 

''Band  strength  is  siningly  temperature-dependent,  since  the  lower  level  is  not  the  gnnjnd  state. 
"Rixhman  an  1  Young  J  WKI  | 

^M4>lecule  is  an  ’‘.^.jiimctnc  rotor  with  three  distinct  nXatHxial  constjmts 
"Rothman  1 1  dK  1 1 
'Rothman  et  al  {IdK.^bl 
'McClaichcv  et  al  |I973| 

"Herzherg  |1WI' 

'Rothman  ef  al  II9J(3al 
'Werner  and  Rosmus  (19821- 
‘Billingslc)  11976]. 
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Fifurt  I2'44  Altitu<k  priiMIcs  (ff  /cniih  peak  spcctml  ratiunce  (thxrfNcU  in  the  NO  fundamental  5  3  and  overittnc  2.N  Ka^d^  fur  aunv'a>  <>t  differenf 
brtghtiiess  (Stair  el  al  .  W75|. 


gion  of  the  (1-0 »  band  fw  mt'dcratf  2urofa<  and  masks  any 
auroral  contribution.  On  the  other  hand,  the  long-wave¬ 
length  cutoff  for  the  recent  FWi  launch  was  sufficiently  high 
to  show  clearly  resolved  hues  of  the  NO  hot  bands  on  the 
low-frequency  side  of  the  NO  (!-()»  band,  whose  strength 
varied  in  altitude  with  the  energy  deposition  (Steed  et  al.. 
1983;  Murphy  et  al  .  198.^. 

In  summary  ,  the  intensity  in  the  NO  =  I  system 
for  v'  2  2  responds  to  energy  input  from  nuxlcrately  strong 
auroras  in  the  same  w  ay  that  the  NO  overtone  does,  in  accord 
with  model  predictions.  By  contrast,  for  moderately  strong 
auroras  the  NO  ( I  -0(  emission  is  dominated  by  airglow  from 
the  background  atmosphere,  as  described  by  liquations  (12.16) 
and(12.l7). 

As  a  hnal  note  on  auroral  NO(v).  we  mention  thit  the 
HIRIS  experiment  previously  referred  to  found  the  NO  fun¬ 
damental  emission  to  be  rather  strongly  enhanced  for  the 
very  strong  IBC  III  ‘  aurora  which  it  observed  This  is 
consistent  with  mrxiels  of  NO  emission  (Caledonia  and  Kcn- 
nealy.  1982 (.  which  indicate  that  chemiluminescent  c  'ntri- 
butions  to  the  NO  A.  =  I  bands  become  comparable  to 
emission  from  the  background  atmosphere  under  such  au¬ 
roral  conditions. 


Wc  turn  now  to  the  4.3  p.m  radiation  from  the  V)  asym¬ 
metric-stretch  mtide  of  CO:,  which  results  from  the  emission 
pnKess 

CO.-tkf  m)  SIS  CO::k.(.m  -  I)  +  hv  (12.20) 

and.  in  particular,  from  the  fundamental  band  emission 

CO;)OOI  )  i=t  COjtOOO)  +  hw  (12,21) 

at  4  26  |im.  The  altitude  pnifilc  of  this  emission  in  the 
zenith  is  indicated  in  Figure  12-45.  showing  results  from 
four  ICFC  AP  rocket  launches  ( Stair  et  al . .  1 975 ( .  one  launched 
under  quiet  conditions  and  three  under  various  levels  of 
electron  precipitation  in  discrete  arcs.  The  increase  of  spec¬ 
tral  radiance  between  75  and  90  km  and  the  peak  at  92  km 
are  due  to  the  fact  ihat  the  u,  band  becomes  optically  thick 
in  the  zenith  at  about  90  km.  There  is  a  general  correlation 
between  the  peak  radiance  level  and  the  electron  flux,  or 
the  5577  A  radiance,  except  that  the  IBC  II  ‘  aurora  is 
considerably  less  bright  at  4.3  pm  than  the  IBC  II  aurora. 
The  explanation  for  this  apparent  anomaly  is  Ihat  a  very 
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Figure  12-45.  Altitude  pn>tile^  of  peek  ^pectr»l  radiuicr  obsitvtd  in  the 
xeniih  in  the  CX)<  4.  .5  tun  band  for  several  claues  of  aurora 
ISuiretal  .  I97S| 

bright  IBC  III  arc  had  occupied  the  observation  region  in 
the  latter  ca.se  before  the  rocket  arrived. 

There  are  two  possible  sources  of  auroratly  enhanced 
CO;  excited  vibrational  states:  ( I )  direct  excitation  of  CO; 
by  precipitating  secondary  electrons. 

CO;  (000)  +  e  -•  CO;  (kfm)  +  e.  (12.22) 

and  (2)  vibrational  pumping  of  N.  by  secondary  electrons 
followed  by  vibration4rvvihr:tK)0  (VV)  energy  traru-fer  frrtoi 
N;  to  CO;  (Figure  I2-2M), 

Nj  +  e— N5  +  e  (I2.2.^a) 

Ni  +  C0;(k.f.m  -  I)s2N;  +  CO;  (kfm). 

(12  2.1b) 

Due  to  the  k>w  CO;  mixing  ratio,  the  rate  hrr  the  direct 
process  (Equation  (12.22)!  is  Ux)  small  hy  several  <»rders  of 
magnitude  to  explain  the  observed  radiarxe  Moreover,  since' 
the  radiative  lifetime  of  the  001  state  is  A  '  =  2.3  x  It)  ' 
s  (Table  12-7).  the  4.3  nm  emission  due  to  the  direct  re¬ 
action  of  Equation  (12.22)  should  be  prompt,  following  the 
energy  dcpiisition  closely  in  space  and  time.  Hov.cver.  the 
actual  altitude  profiles  and  time  histories  for  the  .3914  A 
N; '  first  negative  (0-0)  radiance  and  for  the  4.3  jim  radiance 
arc  quite  different  with  the  CO;  emission  having  a  time 
delay  ^  .3  min  jKumer,  I975|.  The  delay  arising  from  the 
N;-CO;  transfer  is  respo.isible  for  the  apparently  anomalous 
brightness  at  4.3  (im  of  tiie  IBC  II  auroral  profile  in  Figure 
12-45. 

Another  potential  mechanism  can  also  be  ruled  out  by 


the  delay  as  a  major  factor  in  accounting  for  enhanced  4.3 
p.m  emission,  namely  NO^(Av  =  I)  chemiluminescence 
(Table  12-7).  The  NO*  4.3  jim  emission  results  from  vi- 
brationally  excited  NO*  produced  (Figure  12-29)  in  reac¬ 
tions  such  as 

O;*  -h  NO-*  O;  +  NO*  (12.24) 

and  the  fourth  reaction  in  Equation  (12.19).  However,  it 
cannot  account  for  the  observed  time  delay  since  the  time 
constant  for  NO*  formation  is  slO  s  (Kumer,  1975). 

On  the  other  hand,  the  reaction  sequence  of  Equation 
(12,23)  has  the  slow  step  (b).  Assuming  a  nitrogen  vibra 
tional  temperature  T,  «  7S0K,  one  obtains  a  time  constant 
of  200  s  at  an  altifi'de  of  I  IS  km  for  the  V-V  transfer.  The 
effective  time  constant  for  response  of  the  v,  emission  to 
electron  precipitation  is  lengthened  further  by  repeated  tranofer 
of  excitation  back  and  forth  between  N;  and  CO;  before 
photon  emission  occurs  apd  radiative  trapping  of  the  emitted 
photon  The  net  effect  is  an  appreciable  delay  in  the  4.3 
gim  emission.  To  model  the  process  (Kumer,  1975.  1977), 
one  must  add  quenching  of  both  Ni  and  the  CO;  excited 
states  to  the  reaction  set  of  Equations  (12.20)  and  (12.23). 
The  reverse  reactions,  indicated  by  backward  arrows  in  the 
reactions  of  Equations  (12.20)  and  (12.23b),  account  for 
repeated  collisional  transfer  of  the  excitation  between  CO; 
and  N;  and  for  radiative  transfer  of  the  Vt  photons.  K’  mer 
( I977|  has  shown  that  up  to  II  combination  bands  and 
isotopic  bands  must  be  considered  in  Equation  (12.20)  and 
that  an  error  of  a  factor  of  Jiree  can  result  if  only  the 
fundamental  O0l-(X)0  band  is  used. 


12.2.6  Sutnmary 

Our  current  understanding  of  infrared  auroral  processes 
suffers  from  a  lack  of  sufficient  high-resolution.  high-sen- 
sitivity  data  on  infrared  emissions.  This  deficiency  should 
be  partially  alleviated  as  analysis  of  data  from  the  March 
1983’nKketNxTK  FWl  expenmem  proceeds.  In  addition, 
several  planned  rocket-profie  and  shuttle-based  experiments 
will  carry  aloft  telescoped  high-res»ilution  inierfen»mcters 
to  view  the  inirared  aurora  in  ca.'thlimb  geomcDy  The  com- 
hinalHm  of  improved  sensor  sensitivity  and  the  prefened 
earthlimb  viewing  aspect  with  greater  aurttral  brightness  will 
provide  a  comprehensive  spectral  survey  of  auroral  infrared 
emissions.  The  observation  of  addicional  auroral  emissions 
is  anticipaied  as  detection  thresholds  are  improved  and  as 
infrared  measurements  are  extended  to  higher  spectral  res¬ 
olution  and  longer  wavelengths  These  experiments  should 
contribute  significantly  to  our  understanding  of  the  pnxluc- 
tion  and  loss  processes  for  infrared  auroral  emitters. 

There  is  also  a  great  need  for  data  on  the  variability  of 
the  infrared  aurora  in  order  to  identify  .teasonal.  diurnal, 
and  latitudinal  trends,  as  well  as  dependences  on  solar  and 
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geomagnetic  activity.  Such  a  data  base  may  be  obtained 
from  a  satellite  platform  or,  in  part,  from  ground-based 
observatories  and  series  of  aircraft  or  balloon  flights.  None 
of  these  experiments  are  without  difnculty;  the  satellite  ex¬ 
periments  require  solving  the  problem  of  maintaining  de¬ 
tectors  at  cryogenic  temperatures  for  extended  periods,  while 
ground-based  and  atmospheric  platform  experiments  suffer 
from  the  masking  and/or  absorption  of  the  auroral  emission 
by  the  lower  atmosphere  and  from  the  impossibility  of  using 
any  limb  enhancement  technique.  Nevertheless,  the  exis¬ 
tence  of  the  space  shuttle  and  the  success  of  unmanned 


infrared  satellite  experiments  such  as  IRAS  (InfraRed  As¬ 
tronomical  Satellite)  (Neugebaueret  al.,  1984]  portend  well 
for  the  future  of  infrared  auroral  studies. 
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Chapter  13 


INFRARED  AIRGLOW 

R.O.  Sharma 


Infrared  radiance  observed  by  a  detector  looking  at  the 
earth’s  undisturbed  atmosphere  is  called  infrared  airglow. 
This  radiation  may  arise  from  rotational  transitions,  as  is  the 
case  for  radiation  from  water  vapor  around  17  pm,  or  from 
electronic  transitions,  for  example,  the  Oj  (a'A,  -*  X’Sg  ) 
transition  causing  the  airglow  at  1.27  pm  (0-0  band)  and 
at  1 .58  pm  (0- 1  band).  However,  the  most  common  sources 
of  infrared  airglow  are  the  vibraticnri-rotational  (V-R) 
transitions  within  the  ground  electronic  state.  This  class  of 
transitions  includes  emission  from  OH,  CO;.  Oi,  NO,  and 
HjO.  Figure  13-1  gives  the  energy  level  diagram  of  COj 
and  points  out  the  more  commonly  encountered  transitions. 
Table  13-1  gives  the  band  origins  and  Table  13-2  the  Kin- 
stein  A  coefficients  for  some  OH  V-R  bands.  For  addi¬ 
tional  information  on  tlie  energy  levels  and  the  radiative 
lifetimes  of  the  infrared  active  species  see  Chapter  12.  The 
extent  of  the  wavelength  range  covered  by  the  term  infrared 
is  not  well  defined.  We  will  limit  this  discussion  to  the  spec- 


' 
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Figure  13-1  The  energy  levels  of  carbon  dioside  The  lowest  levels  of 
bending  mode  and  asymmetric  stretch,  which  lead  to  tran¬ 
sitions  at  15.0  and  4  26  (im.  are  shown.  Also  shown  are 
the  upper  and  lower  levels  for  some  of  the  important  tran¬ 
sitions  observed  in  the  infrared  airglow  of  the  earth's  at¬ 
mosphere  The  notation  in  the  figure  is  the  same  as  in  -.KJL 
line  tape  [Rothman  and  Young.  1981).  (Reprinted  w.th  per¬ 
mission  from  Pergamon  Press  Ud.  @  1981.) 


Table  13-1.  OH  Vibrational  Transition  Band  Origins  |l..S.  Rothman 
etal..  19831 
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fral  region  from  1.2  to  17  pm.  This  rather  arbitrar¬ 
ily  restricted  wavelength  range  leaves  out  several  important 
a'nrlw  emissions,  including  the  63  pm  emission  from  ox¬ 
ygen  atoms  lOffcrmann  and  Grtsssmann.  1978).  This  latter 
process  together  with  the  5.3  pm  (I  -♦  0)  emission  from 
NO  and  the  15  pm  radiation  frtrm  the  bending  mode  of  CO: 
arc  the  important  prtKCsses  in  the  cooling  of  the  thenno- 
spherc  ICraig  and  Gillc.  1969.  KiK'l.arts,  1980;  Gordiets  et 
al..  1983;  Zachor.  .Sharma.  Nadile  and  Stair.  1981 1. 

Infrared  airelow  has  been  the  subject  of  a  number  of 
studies  IStair  et  al..  1981;  Gordiets  et  al,.  1978;  Ogawa. 
19761.  It  is  a  quickly  changing  field  because  of  the  rapidly 
improving  measurement  and  analysis  technology  and  it  is 
not  surprising,  therefore,  that  the  information  in  the  liter¬ 
ature  is  a  few  years  behind  that  available  to  workers  in  the 
field.  For  this  reason,  the  emplia.vis  in  this  chapter  has  been 
placed  upon  results  obtained  at  AFGL. 

13.1  SOURCES  OF  THE 
INFRARED  AIRGLOW 


13.1.1  Resonant  Scattering  of  the  Earthshine 

Radiation  upwelling  through  the  atmosphere  from  the 
surface  of  the  earth  is. called  earthshine.  Although  the  av¬ 
erage  temperature  of  the  earth's  surface  is  296  K.  the  tern- 
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Tabic  13-2.  Thcrmalh  -averaged  OH  (X=  ir,)  vibrational  Einstein  coefticienis  Avv-  (»*')  for  200  K  |Mies.  19741  (Reprinted  with  permission  from  Academic 
Press  €*  1974) 
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perature  of  the  earthshine  depends  upon  altitude  and  wave¬ 
length.  For  example  in  the  12-13  ixm  region,  where  the 
absorption  due  to  the  earth's  atmosphere  is  minimal,  the 
upwelling  radiation  can  be  described  by  2%  K  blackbody 
radiation  independent  of  altitude.  On  the  other  hand,  radia¬ 
tion  in  the  15  jim  region  up  to  the  lower  mesosphere  (about 
70  km  altitude)  can  be  described  as  radiation  from  a  black- 
body  w-th  temperature  given  by  the  local  translational  tem¬ 
perature.  At  higher  altitudes,  because  of  the  lack  of  sufficient 
collisions,  the  upwelling  15  p.m  radiation  can  be  described 
by  about  200  K  blackbody  temperature. 

Whatever  the  variations  in  the  temperature  of  the  ear¬ 
thshine.  it  is  clear  that  this  radiation  has  appreciable  intensity 
only  at  longer  wavelengths  (\  >  5  pm).  It  can.  therefore, 
excite  only  the  lower  v  ibrational  levels  of  the  infrared  active 
itHilecules  The  excited  molecules  can  reradiate  isotn>picatly 
without  change  of  frequency  causing  infrared  airglow.  Res¬ 
onant  si.attcring  of  earthshine  by  the  vi  OKxle  of  orone  is 
an  important  contributor  to  the  airglow  at  0.6  p.m  The  15 
|im  radiation  fn>m  the  bending  mode  of  carbon  dioxide  also 
Cimtains  an  important  contribution  from  the  earthshine. 

13.1.2  Scattering  of  Sunshine 

In  contrast  to  the  earthshine  which  populates  onl>  the 
kvwcst  lying  vibrational  IcvcK.  sttlar  radiation  t  6!X*)  K 
blackbody  tempeniture i  plays  an  Important  role  in  exciting 
higher  vibrational  levels  corresporKlmg  to  A  5  pm.  The 
vibrational  levels  thus  priKluced  can  lo'c  their  energy  by 
optical  transitions  to  the  ground  state  (resonant  scattering) 
or  by  radiation  to  ('ther  lower  excited  vibrati<ina!  levels 
(nonresonan:  scattering  or  fluorescence).  The  effect  of  sun¬ 
shine  is  shown  ;n  the  dramatic  increase  in  the  airglow  near 
4.3  pm  during  the  day  due  to  scattering  by  the  I’l  mtKle  of 
CO-  jJaines  and  Kumer.  1^73).  Scattered  solar  radiation, 
resonant  and  nonresonant,  also  contributes  to  the  CO-  air¬ 
glow  at  2.7  pm.  the  important  absorption  bands  being  lo¬ 
cated  near2.7  pm  |Kumer.  I9S1 ).  2.0.  and  1 .6  pm  (Sharma 
efal. .19811. 


A  process  capable  of  producing  large  amounts  of  in¬ 
frared  airglow  radiation  is  the  electronic  excitation  of  mol¬ 
ecules  by  sunshine  followed  by  emission  of  a  longer  wave¬ 
length  photon.  The  molecule  is  thus  left  in  an  excited 
vibrational  stete,  the  final  vibrational  level  being  determined 
by  the  Franck-Condon  integrals.  Several  quanta  of  infrared 
photons  may  be  emitted  before  the  molecule  relaxes  to  the 
ground  state.  This  process,  however,  has  not  been  identified 
as  the  source  of  any  airglow  from  the  quiescent  atmosphere. 

13.1.3  Photodissociation 

Dissociation  of  molecular  species  by  solar  radiation  con¬ 
tributes  to  the  airglow  by  producing  fragments  in  excited 
states.  An  example  is  the  airglow  of  O.  (a'd^  — »  X'S,‘)  at 
1.27  pm  ((bO  transition)  and  at  1.58  pm  (0-1  transition). 
The  0:(a'd,i  slate  is  mainly  produced  by  the  phottxlisso- 
ciation  of  Ot  by  solar  ultraviolet  radiation  around  255  nm. 

Photodissociation  of  molecular  species  can  also  nwdify  , 
the  infrared  airglow  due  to  reduced  density  of  the  photo- 
di.vsociating  molecules  and'or  increased  density  of  the  prod¬ 
uct  species.  Pho((Xlis.s(x:ialion  of  Os  also  leads  to  reduced 
daytime  airgKiw  of  OH  not  only  because  of  the  reduced 
production  of  OH  by  the  reaction  H  +  Os  — ♦  OH  +  Oj 
■but  alsxv  due  to  the  more  rapid  OH  -t-  O  — »  O;  -i-  H  de¬ 
pletion  reaction  The  latter  reaction  becomes  faster  because 
of  the  enhanced  oxygen  atom  concentrations  produced  by 
pholodisMK'iation  of  O,.  The  net  result  is  that  (taylime  OH 
emissions  artnmd  1.5  pm  (Av  =  2)  and  around  3.0  pm 
(Av  =  I )  arc  much  weaker  than  their  nighttime  intensities. 

13.1.4  Chemical  Reactions 

Creation  of  molecular  species  in  the  excited  slate  by 
chemical  reactions  and  their  subsequent  decay  contributes 
to  airglow .  The  airglow  ponluced  by  this  mechanism  is  al.so 
called  chemiluminescence.  A  well-known  example  of  this 
process  is  the  OH  radiation  around  1.5  ana  3  0  pm  and  at 


shorter  wavelengths,  even  visible  regions,  OH  being  pro¬ 
duced  by  the  chemical  reaction 

H  O,  —  OH*  +  62, 

the  asterisk  denoting  the  vibrational  excitation.  Another  ex¬ 
ample  of  this  process  (Stair  et  al.,  1981,  1985]  is  the  ra¬ 
diation  around  9.6  p.ni  from  the  mode  of  Oi  produced 
by  the  three  body  recombination  reaction 

O  +  O2  +  M  — ♦  Oj  +  M  . 

13.1.5  Atomic  and  Molecular  Collisions 

Collisions  of  infrared  radiating  species  with  other  mol¬ 
ecules  lead  to  transfer  of  vibrational  energy  from  one  col¬ 
lision  partner  to  the  other.  This  transfer  is  much  more  ef¬ 
ficient  if  the  vibrational  frequencies  of  the  transitions  involved 
are  not  too  far  apart  (near-resonant),  that  is  urr  ~  I ,  where 
h>  is  the  frequency  separation  between  the  transitions  in¬ 
volved  and  T  the  time  duration  of  the  collision.  Because  of 
the  near-resonance,  N.  transfers  its  vibrational  energy  ef¬ 
ficiently  to  the  V3  mode  of  CO.  (Sharma  and  Brau,  1969], 
This  energy  transfer  process  plays  an  important  role  In  the 
enhanced  nighttime  4.3  p.m  airglow  of  CO3  around  70  km 
(Kumer  et  al..  1978|. 

Another  important  type  of  collision  producing  infrared 
airglow  is  that  in  which  the  relative  translational  energy  of 
afont-molecule  or  molecule-molecule  is  converted  into  vi¬ 
brational  excitation  of  the  molecule  These  collisions  lead 
to  establishment  of  local  thermodynamic  equilibrium  (LTE) 
between  various  degrees  of  freedom,  the  only  requirement 
being  that  enough  of  these  take  place  during  the  effective 
radiative  lifetime  of  the  emUtcr  (taking  into  acccunt  selfab- 
sorpiion)  Even  when  ‘he  frequency  of  collisions  is  not 
sufficient  to  establish  LTE,  this  type  of  collision  may  be  an 
important  source  of  vibrational  excitation.  Examples  are 
collisions  abi've  90  km  of  oxygen  atoms  with  CO.  and  NO 
which  play  a  very  important  role  in  the  airglow  at  15  >im 
and  5.3  latn.  respectively  |I3egges.  1971;  Zachor  et  al., 
1981;  Sharma  and  Nadile.  1981 1. 

Another  important  source  of  vibrai  tonal  energy  is  the 
collisional  excitation  of  molecules  by  electronically  excited 
atoms.  For  example,  itxygen  atoms  poxluced  by  photodis¬ 
sociation  of  Oi  are  created  in  the  excited  'D  state  with  unit 
efficiency  These  atoms  are  very  efficiently  quenched  by 
moltcu'ar  nitrogen.  During  the  quenching  process,  a  frac¬ 
tion  of  the  electronic  excitation  of  oxygen  atoms  is  converted 
into  vibrational  energy  of  N,  (McEwan  and  Phillips.  1975] 
and  can  be  collisionally  transferred  to  CO.-  and  emitted  as 
4.3  p.m  airglow. 

The  processes  described  in  the  above  sections  are  the 
most  important  but  by  no  means  the  only  sources  of  infrared 
radiation  from  the  undistu'^bed  atmosphere.  Raman  scatter¬ 
ing  of  the  solar  radiation  is  a  less  important  source  of  airglow 
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because  of  the  very  small  cross  sections  involved.  In  ad¬ 
dition,  there  is  Rayleigh  scattering  of  solar  radiation  im¬ 
portant  only  below  about  40  km  altitude. 

13.2  NON-LOCAL  THERMODYNAMIC 
EQUILIBRIUM  (NLTE) 

We  note  again  that  except  for  t.27  p.m  and  1.S8  p-m 
Ojfa  'Ag  -♦  X^S,  )  radiation  the  infrared  airglow  from  1.2 
to  IS  p.m  involves  molecular  vibrational  rotational  transi¬ 
tions.  In  the  lower  part  of  the  atmosphere  (below  about  40 
km  altitude)  these  vibrational  transitions  can  generally  be 
described  by  local  thermodynamic  equilibrium  (LTE),  that 
is,  vibrational  excitation  of  the  iroleciiles  can  be  described 
by  a  Boltzma,'n  distribution  with  a '  ibrational  tenipeiature 
equaling  the  trat'slational  temperature.  Even  at  these  alti¬ 
tudes  the  Ojia'Ag)  electronically  excited  state  population 
cannot  be  described  by  a  distributk  n  with  a  temperature 
equaling  the  translational  temperature  and  is  much  larger 
than  predicted  on  the  basis  of  LTE.  The  reason  for  this  lies 
in  the  metastable  nature  of  the  O.(a'Ag)  state  (its  radiative 
lifetime  is  about  65  min)  and  small  rates  of  collisional 
quenching  by  major  atmospheric  species  (McEwan  and  Phil¬ 
lips,  19751.  This  metasiable  nature  and  the  fact  that  colli¬ 
sions  are  not  a  rapid  process  for  depopulating  this  state, 
account  for  the  great  abundance  of  Ojfa'Ag)  in  the  strato¬ 
sphere  and  mesosphere. 

At  higher  altitudes  (starting  about  70  km)  the  vibrational 
population  of  the  radiating  species,  even  those  that  are  not 
metastable  and  are  neither  pnxluced  by  chemical  reaction 
nor  pumped  by  sunshine  or  earthshine.  becomes  different 
from  what  would  be  predicted  or  the  basis  of  LTE.  Situ¬ 
ations  deviating  from  LTE  behavior  are  called  NLTE  ca,ses. 
Sometimes  it  is  useful  to  introduce  the  concept  o*’  vibrational 
temperature.  The  concept  is  based  on  the  fact  that  near- 
resonant  vibration-to-vibration  transfer  poKcsses  are  much 
faMer  than  nonresonant  vibn:'..)n-to-trans!ation  processes. 
The  time  needed  for  the  vibrational  energy  to  be  partitioned 
according  to  a  Boltzmann  distribution  in  a  collision  between 
identical  rnilecules  is  usually  several  orders  of  magnitude 
shsirter  than  Uie  lime  needed  to  establish  LTE  in  gases  (Sharma. 
1969,  Taylor.  1974).  The  vibrational  temperature  T,  is  de¬ 
fined  by  the  relation 


where  n^  and  ni  arc  the  excited  state  and  U'w  state  number 
densities,  g,.  and  g,  are  the  respective  statistical  weights, 
C-  =  1 ,4399  K'cm  '  is  the  second  radiation  constant  and 
E  IS  the  energy  difference  between  the  upper  and  lower 
slates  in  cm '. 

The  concept  of  vibrational  temperature  has  been  used 
to  calculate  (Shanna  and  Nadile.  1981)  the  contribution  to 
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the  15  Jim  radiation  by  the  transition  02201  — »  01 101  of 
CO;.  Only  when  this  contribution  is  added  to  th-.t  of  the 
01101  -♦  00001  transition  from  all  the  isotopes  is  a  rea¬ 
sonable  agreement  obtained  between  the  15  p.m  radiation 
observed  by  the  riKket  experiment  SPIRK  in  the  70  and  90 
km  tangent  height  and  the  calculated  CO;  radiances  [Stair 
et  al.  19«l.  19851. 

The  Loncept  of  vibrational  temperature  cannot  be  used 
in  all  NLTK  situations.  For  example,  the  vibrational  pop¬ 
ulation  of  Oil  around  80  km  altitude  cannot  be  described 
by  a  Boltzmann  distribution.  This  concept,  however,  is  used 
where  possible  because  it  also  gives  an  idea  of  the  extent 
of  deviation  from  LTH. 

It  should  be  pointed  out  that  while  fewer  collisions  lead 
to  NLTK  situations,  more  frequent  collisions  do  noi  guar¬ 
antee  LTK  behavior.  This  is  illustrated  by  the  2.7  p.m  day¬ 
time  CO;  emission  that  can  still  he  characterized  around  .‘iO 
km  altitude  by  vibrational  temperature  about  100  K  higher 
than  the  translational  temperature.  This  emission,  in  part, 
is  shown  to  arise  from  the  absorption  of  sunlight  at  1.5  p.m 
by  very  weak  OtKXIl  — >  .MX)i  (x  =  1.2..^)  bands  (Figure 
I.Tl)(Sharmaetal..  I98l|.  Although  each  absorbed  photon 
has  a  rather  small  probability'  of  being  emitted  in  the  2.7 
p.ni  region,  the  large  number  of  absorbed  photons  yields  a 
detectable  signal. 

Having  stated  the  differences  between  LTK  and  NLTK 
situations  in  some  detail,  we  will  fiKus  for  the  remainder 
of  this  discussion  on  NLTK  airglow  s.  specifically  1-18  |im 
emissions  originating  from  altitudes  higher  than  40  km.  The 
LTK  situation  has  been  discussed  in  great  detail  by  other 
workers  Isee.  for  example.  Clough  et  al..  1981 1. 


13.3  METHODS  OF  ME.ASL'REMENT 

Infrared  airglow  has  been  studied  w  ith  rwkets  |  Stair  et 
al..  1974;  Nadile  et  al..  1977;  S'air  et  al..  1981;  Markov. 
19b9;  Oft'ermann  and  (irossmann.  1978|  and  satellites  l.Mar- 
kov  et  al..  1970|.  In  this  chapter  the  primary  emphasis  will 
be.  for  reasons  cited  earlier,  on  the  w(>rk  at  AKGL.  Many 
ol  the  .\!'{'iL  nvkets  Were  launched  from  Poker  Flats.  Alaska 
(Stair  et  al..  1 975 1 .  llic  riKkei  payloads  cotitained  either 
limb-viewing  or  zenith-viewing  light  collecting  and  analyz¬ 
ing  insiruments.  In  these  experiments  the  instrument  pack¬ 
age  included  a  protective  cover  that  was  opened  at  a  spec¬ 
ified  altituile  during  the  free  ballistic  flight  phase.  The  altitude 
for  cover  opening  determined  by  the  requirement  that  the 
infrared  emission  due  to  shock  heating  by  the  rocket  be 
suf'icicnlly  small,  was  .50  km  or  higher. 

The  simplest  infrared  souniling  rockets  measure  the  in¬ 
frared  radiance  reaching  the  payh'ad  from  the  atnnrsphere 
above  it.  If  the  payload  is  not  provided  with  an  attitude 
.'ontrol  system,  the  rocket  usually  cones  around  an  axis  that 
makes  a  small  angle  w  ith  the  vertical  direction  When  mea¬ 
suring  the  infrared  fluorescence,  care  is  taken  that  the  sun 
is  never  directly  in  the  line-of-sight  il.OS).  As  the  rtK'ket 
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gains  altitude,  less  and  less  of  the  gas  is  being  evoked  at  so 
that  the  signal  during  ascent  usually  decreases  with  time 
(except  during  atmospheric  disturbances);  during  the  descen' 
the  reverse  is  true.  However,  both  in  ascent  and  descent, 
the  magnitude  of  the  derivative  of  the  signal  with  altitude 
is  a  measure  of  the  liKal  radiance — provided  we  are  dealing 
with  an  optically  thin  and  steady  state  one-dimensii  nal  at¬ 
mosphere.  Figure  L5-2  .shows  a  typical  spectral  profile  of 
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Figure  f  .t.y  Pfol  of  nidluncc  vs  wavolonglh  f  om  the  /enilh  fiHiking  CVF' 
’Kni-rgy  Budgcl"  nvkei  ul  X7.  '5  km  alliluJc  The  signal 
from  CO:  al  iS  gim  is  al  leasi  ai  order  of  magnilude  larger 
than  ihal  from  NO  ai  .S..V  (im  or  ozone  at ')  (im. 


zenith  emission  from  ihe  NO  vibratirnal-rotational  (V-R) 
fundamental  transition  lAv  =  I )  at  5., 5  fjL.n.  the(X)I  — *  (XX) 
V-R  band  of  O,  at  9.6  |im,  and  the  0!  101  -►  (XXX)l  band 
of  CO;  at  15  pm  obtained  by  a  rocket  launched  from  An- 
doya.  Norway  during  the  Knergy  Budge:  Campaign  (Ulwick 
et  al..  198.^).  This  rwket  was  launched  in  November  1980 
al  0.514  UT.  Since  the  solar  shadow  height  was  4(X)  km 
above  the  launch  site,  the  experiment  was  essentially  con¬ 
ducted  in  a  night  atmosphere. 

Another  approach  useful  for  viewing  weak  infrared  at¬ 
mospheric  emissions  is  to  add  a  telescope  to  the  optical 
system  and  observe  the  infrared  radiation  from  the  earth- 
limb.  The  telescope  with  a  small  fraction  of  degree  full 
viewing  angle  (usually  about  I  '4  degree)  and  excellent  off- 
axis  rejection  keeps  the  footprint  of  the  LOS  a  few  kilo¬ 
meters  wide.  The  limb-looking  SPIRK  (SPectral  Infrared 
Rocket  Kxperiment)  has  obtained  very  useful  results  yield¬ 
ing  many  new  insights  into  the  infrared  airglow  (Nadile  et 
al..  1977;  Stair  et  al..  1981 1.  In  the. SPIRK  expenment  with 
the  rocket  in  the  exosphere,  the  earihlimb  was  scanned  ver¬ 
tically  through  a  telescoped  circularly  variable  filter  (CVF) 
spectrometer.  The  resolution  of  the  instrument  was  Va  to 
Tfi  depending  on  the  wavelength.  The  tangent  height  (the 
distance  of  closest  approach  to  the  earth's  surface)  is  varied 
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hijiurc  13-3  (ico^:raphical  liKJln>n  t>l  pri\|c,ctu>n  on  earth's  suriacc  ol 
ianeent  hciehts  tor  various  SPIRE*  wans  Tanj!cn!  hci)*ht 
increases  jioiiii!  outv^arJs  Iroin  the  eenier  ol  figure  Parthest 
tangent  pi»int  is  I5ti(l  km  away  from  lauruh  site 

by  changing  the  telescope  zenith  angle.  As  the  tangen*  heigh; 
is  varie'l,  the  liK'ation  of  the  LOS  and  the  tangen:  point 
(p(>int  closest  to  Iht  earth's  surface)  also  change  (Figure 
13-.^).  One  result  of  this  spatial  scanning  is  the  ability  t 
obtain  a  day.  twilight  or  night  l.OS  (Figure  l.f-4).  This  is 
in  contrast  to  the  /eniih-liH)king  riKkel  where  in  ascent  or 
descent  the  region  sampled  is  less  than  IfX)  km  over  the 
surface  of  the  earth.  While  the  ptissihility  of  investigating 
day-night  variations  in  a  zenith-looking  experiment  is  rather 
limited,  it  diK's  offer  the  possibilities  of  determining  the 
morphology  on  a  sntail  scale. 

There  are  numerous  other  differences  between  the  zenith 


SPIRE  SHADOW  HEIGHT 


f-jiiurc  I3  J  Pl'M  shi'w  mg' \  isiHtf  ulo.tv  lofct  tonnjn.ilon.  lor  c'lghf  of  iwclvc 
SPIRI  n  dll'  I  lir.o  iok‘1  sli.fdow  height  i'.  23  km  higher  them 
\  I'lhk  'li.iijow  lu  ighi  ihie  to  ihickne"  k»f  <vone  laver  Scanv 
12  arv  ctMiipieielv  Minlit 


and  limb  experiments.  Two  important  ones  are  the  amount 
of  the  gas  sampled  and  the  altitude  dependence  of  the  vol¬ 
ume  probed.  In  the  zenith  limking  experiment,  the  length 
of  the  LGS  between  any  I  km  altitude  interval  is  sec  0  km. 
where  6  is  the  zenith  angle  of  the  LOS  as  long  as  8  7.“)'’ 

SCI  that  the  curvature  of  the  earth  is  not  important.  The  total 
volume  of  the  gas  sampled  is  relatively  small.  Moreover, 
the  zenith  experiment  weights  equal  increments  of  altitude 
in  the  LOS  equally.  Such  is  not  the  case  in  a  limb  experi¬ 
ment.  For  example,  a  detector  positioned  at  an  altitude  of 
285  km  looking  at  l()0  km  tangent  height  gathers  photons 
from  a  path  length  in  excess  of  .3(XK)  km.  Further,  for  density 
decreasing  monotonically  with  altitude  the  volume  of  the 
gas  sampled  drops  sharply  as  we  move  away  from  the  tan¬ 
gent  height.  The  iength  of  the  gas  column  with  altitude 
between  l(K)  and  101  km  is  about  227  km.  The  length  of 
the  path  sampled  with  each  km  increase  in  altitude  decreases 
in  proportion  to  I  V^n  -  V'(n  -  D)  where  n  and  (n  -  I) 
are  the  upper  and  lower  altitudes  in  km  measured  from  the 
tangent  height.  In  the  example  cited  above,  the  length  of 
the  LOS  between  1 10  and  1 1 1  km  is  0.154  times  that  be¬ 
tween  l(X)  and  101  km.  thus,  equal  increments  of  altitude 
in  the  LOS  are  not  equally  weighted  in  the  limb  experiment 
and  the  radiation  from  tangent  height  usually  predominates. 
The  abc've  remarks  are  valid  oniy  for  an  optically  thin  gas. 

A  further  characteristic  of  the  limb  experiment  is  that 
because  the  volume  of  the  gas  sampled  is  so  large,  the  ItK'al 
variations  in  the  atmospheric  structure  are  averaged  out.  On 
the  other  hand,  the  large  column  sampled  also  permits  the 
limb  experiment  to  see  some  emissions  missed  by  the  zenith 
experiment  when  performed  at  the  same  sensitivity.  For 
example.  Figures  1.3-5  and, 13-6  show  15  gim  radiance  from 
V:  band  of  CO;  seen  by  the  SPIRK  and  Energy  Budget 
rwkets  as  a  function  of  altitude.  It  can  be  seen  in  Figure 
13-5  that  between  95  and  1 10  km  tangent  height  the  band 
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BAND  RADIANCE  (W  cm'^sr’*) 


Figure  1.V6.  Integrated  hand  radiance  around  15  itm  observed  by  /cnith- 
iiK>king  Fnergy  Budget  nK'kei  during  ascent  and  descent  as 
function  of  altitude 


radiance  stays  constant  although  the  CO;  concentration  de¬ 
creases  in  this  altitude  range  by  a  factor  of  30  to  40.  Detailed 
modeling  has  shown  this  phenomenon  to  be  due  to  oxygen 
atoms,  which  are  much  more  efficient  at  collisionally  pump¬ 
ing  theCOi  (01 101 )  level  than  N;  orO;  ISharmaand  Nadile, 
1981].  The  zenith  experiment  (Figure  13-6)  does  not  give 
any  hint  of  this  behavior  in  the  measured  radiances. 

Finally,  the  tangent  height  in  the  earthlimb  experiment 
can  be  varied  from  zero  (earth's  surface)  to  250  km.  whereas 
the  range  of  al’itudes  attainable  in  the  zenith  experiment  is 
more  limited.  The  two  types  of  experiments  emphasize  di- 
ferent  aspects  of  infrared  airglow  and  each  have  their  own 
advantages  and  disadvantages. 


covered  the  1.4  to  16  pm  region.  The  tcicscojtcs  had  1/4° 
fields  of  view  with  high  off-axis  rejection  (point  source 
rejection  of  10  '  at  1°  off-axis)  and  were  coaligned  to  better 
than  0. 1°.  The  payload  reached  an  altitude  of  285  km,  and 
the  earthlimb  was  spatially  scanned  from  hard  earth  to  local 
horirontal  at  0.5  deg/s  while  taking  spectra  at  2  scans/s. 
The  spectrometers  were  built  at  Utah  State  University  and 
the  telescopes  at  the  Honeywell  Radiation  Center.  With  a 
1/4°  field  of  view,  the  footprint  of  the  LOS  varied  from  4 
to  8  km.  depending  upon  the  tangent  height  and  the  payload 
altitude. 

Before  we  give  the  profiles  of  the  emitted  band  radiance 
as  a  function  of  tangent  height  (for  the  limb-looking  ex¬ 
periment)  or  altitude  (for  the  zenith-looking  exfteriment), 
we  would  like  to  discuss  airglow  in  general  terms  as  a 
function  of  altitude .  For  this  purpose  we  would  like  to  divide 
the  atmosphere  above  40  km  into  several  regions.  This  di¬ 
vision  is  created  to  facilitate  discussion  of  the  SPlkE  data. 
Taking  into  account  the  fact  that  it  was  an  experiment  of 
about  5  min  dura'ion  at  dawn,  it  is  quite  possible  that  the 
boundaries  of  the  regions  created  here  may  have  to  be  mod¬ 
ified  in  context  of  other  data  bases.  Still  we  believe  it  is  a 
useful. exercise  to  point  out  underlying  sou'^ces  common  to 
the  airglow  from  different  bands. 

13.4.1  Thermosphere  (above  100  km) 

This  region  is  characterized  by  a  rapid  increase  of  tem¬ 
perature  with  altitude.  Important  emitters  in  this  region  are 
restricted  to  NO  and  CO;.  The  airglow.  at  5.3  and  15  pm, 
in  this  region  can  be  explained  primarily  in  terms  of  oxygen 
atom  collisions  with  the  emitters.  The  oxygen  atom  con¬ 
centration  in  this  region  shows  no  diurnal  variation.  The 
result  is  that  infrared  radiation  from  the  excited  states  pro¬ 
duced  during  the  collision  of  the  radiating  species  with  the 


13.4  RESULTS  AND  DISCUSSION 

In  this  section  we  intaxlucc  the  prominent  features  of 
the  measured  airglow  and  compare  them  with  mtxlel  cal¬ 
culations.  Because  of  the  nature  and  scope  of  this  chapter, 
we  omit  the  details  of  the  calculations  and  approach  the 
subject  as  an  introduction  to  infrared  airglow  from  the  un¬ 
disturbed  atmosphere.  Where  p<issible.  the  published  work 
is  referenced;  however,  a  great  deal  of  work  is  available  so 
far  only  in  the  fonn  of  non-refereed  reports  and  unpublished 
work. 

We  will  use  SPIRH  to  illustrate  the  broad  features  of 
the  data.  SPIRH  was  launched  on  September  28.  1977  |Na- 
dile  et  al..  1977;  Stair  et  al..  1981.  1983)  This  payload 
had  three  coaligned  primary  sensors:  (Da  telescoped  two- 
channel  photometer.  (2)  a  cryogenic  (77  Kt  telescoped  short 
wavelength  infrared  (SV'IR)  CVF  spectrometer,  and  (3)  a 
cryogenic  ( 10  K)  telescoped  long  wavelength  infrared  (LWIR) 
CVF  spectrometer.  The  spectrometers  were  coaligned  and 


Pigure  l.t-7.  Niehllinie  radiance  seen  tiy  the  long  wavelenglh  SPIRE 
six."clronicter  as  function  of  wavelength  at  124  km  tangent 
height  ND  1 1  — <  (1)  hand  at  5. it  gim  and  CO,. 
tOI  101  — *  IKKKII 1  hand  al  I.s  |am  are  the  only  reprctducible 
spectra  seen.  Scale  for  the  NO  hand  is  10  limes  larger  than 
that  for  CO.  band  I  Daytime  results  were  essentially  the 
same  ) 


13-6 


INFRARED  AIRGLOW 


oxygen  atoms  shows  no  diumul  variation.  A  spectrum  ob¬ 
tained  with  the  SPIRK  liquid-hclium-''(H)lcd  spectrometer  at 
124  km  tangent  height  is  shown  in  Figure  l^-^.  Although 
this  spectrum  is  obtained  at  night,  the  post -dawn  results  arc 
essentially  the  same.  Kmission  from  the  I  -0  vibrational  band 
of  NO  and  th:  15  jim  (01 101  -♦  00001 )  bending  mode  of 
CO:  arc  the  only  two  fiutures  seen  at  this  altitude.  Detailed 
modeling  of  these  emissions  indicates  that  ( ; )  the  emissions 
origi.'^ate  from  the  NLTK  atmosphere  w  ith  molecular  vibra¬ 
tional  temperatures  lower  than  the  liKal  translational  tem- 
peratuics.  (2)  the  dominant  mechanism  for  .ibrational 
pumping  is  the  collisionai  excitation  by  oxygen  atoms,  and 
p)  radiative  ctxrling  due  tri  NO  emissions  is  the  most  im¬ 
portant  atmospheric  cwling  mechanism  (—SOO  K/day)  at 
these  altitudes. 


13.4.2  Lower  Thermosphere  (between  100 
km  and  85  km) 

In  this  region  the  oxygen  atom  concentration  begins  to 
decrease  without  showing  any  diurnal  variation  while  the 
temperature  shows  little  change.  In  this  region  infrared  air- 
glow  is  characterized  by  the  el'fect  of  the  solar  radiation  and 
oxygen  atoms  on  the  radiating  species.  In  addition  to  the 
NO  and  CO.  bands  mentioned  above,  we  see  emission  from 
ozone  at  9.6  p.m  (vi  band)  and  the  4.26  p.m  i>,  hand  of  CO.. 
(Figures  1.^-8  and  I.f-9).  Because  of  the  large  absorption 
coefficient  of  0001 1  — ►  (X)00l  transition  at  4.26  p.m.  this 
transition  is  severely  self-absorbed.  The  i>.  photons  reaching 
the  detector  most  likely  originate  from  the  transition  between 
hot  bands  and  have  slightly  longer  wavelength  (an>und  4..f 
pim).  The  diurnal  airglow  variations  also  begin  to  manifest 
themselves  in  the  9.6  p.m  emission  from  ozone.  At  about 
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enhanced  and  ^  jam  0<  sien.il  ts  reduced  •»ver  mehnimc 
values  (l  ieure  1 
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Figure  I.VM.  Ni^hnimc  for  long  wavelength  SPIRE  ^ipcctn^mctcr 
is  function  i)f  wavelength  at  tangent  height  of  80  km  Notice 
appearance  i»f  OOuO  signal.  The  apparent  signal  in  the  4-6 
kini  region  is  due  to  dielectric  relaxation  response  of  the 
deteclt>r  to  the  15  fiin  radiation.  The  5-6  region  ha.s 
been  magnilied  !0-f*»ld  lo  highlight  l*,c  NO  spectral  features. 


100  km  tangent  height  at  night,  the  i>,  transition  of  O,  begins 
to  appear  in  the  spectium  between  9  and  1 1  fim  (Figure 
I.VIO).  At  a  slightly  lower  tangent  height,  this  transition 
appears  during  the  dawn  observations  as  well.  While  the 
(X)I-(XK)  transition  of  ozone  is  centered  around  9.6  gim.  the 
profile  of  the  emitted  radiation  appears,  in  addition,  to  con¬ 
sist  t>f  some  hot-band  transitions.  These  transitions  are  not 
unambiguously  identified  as  yet  and  are  referred  to  in  the 
following  discussion  as  the  long-wavelength  tail  of  the 
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l  imin'  IT  10.  y  6  ^m  le.l  iinme  (10  20  10  .^0  ^im)  band  radiance  as 
lunclion  of  tangent  height  NtUe  Nlninger  nighttime  radiance 
and  peak  around  80  km  A  lemnnati>r  cro>sing  Is  evident 
in  scan  I  l,  i  where  the  radiatitm  decreases  h>  an  tirder  of 
magnitude  from  85  to  00  km. 
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hjiurc  H-ll  4  ft  (im  (i>.)  ivono  spectrum  at  XO  km  tangent  height  for 
iliftercnt  solar  elevation  angles  The  signal  for  wavelengths 
longer  than  10  2  M-tn  shows  no  diurnal  variation.. 

9.6  |im  emission.  The  night  and  day  long  wavelength 
tails  are  essentially  the  same  (Figure  13-11)  even  though 
the  total  Oi  emission  decreases  dramatically  in  the  day¬ 
time.  This  appears  quite  reasonable  since  the  day  and 
night  oxygen  atom  concentrations  at  these  altitudes  arc  the 
same  and  the  vihrationally  excited  Oi  formed  by  the 
O  4  O:  M  — *  O,  +  M  reaction  is  the  suggested  source 
of  the  k/ng  .v.'\  .’iei''’th  w.  photon  emission.  The  peak  at  9.6 
pm  results  mainly  from  .esooant  scattering  of  earthshine  by 
the  V\  mode  of  Oi  and  is  a  iiieosure  of  O,  concentration; 
the  smaller  daytime  value  of  this  scattered  radiation  reflects 
the  lower  daytime  0<  concentratit'n  due  to  photodissocia- 


(W  nn'^  sr'^  ) 


Figure  l.r  12  D.ivlime  inicgraled  4  .4  gim  h.iiul  radiance  observed  by  short 
waselength  SPIRI  '  spes  iroineler  as  tunciiiin  of  tangent  height. 
I  areer  sign.il  in  scan  12  is  due  lo  the  fact  that  a  deliberate 
etfon  ssas  m.nic  in  this  lasi  scan  to  test  the  telescope. 


Figure  I.VI3  Nighttime  integrated  4.3  pm  band  radidnee  observed  by 
shon  wavelength  SPIRE  spectrometer.  Notice  muck  faster 
decrease  of  the  signal  above  70  km  tangent  height  than  for 
the  daytime  case. 

lion.  The  COs  4.3  p.m  vj  band  daytime  radiance  seen  clearly 
in  Figure  13-12  is  over  ten  times  more  intense  during  the 
day  than  during  the  night  (Figure  13-13)  in  agreement  with 
the  earlier  theoictical  prediction  of  James  and  Kumer  1 19''3]. 
As  pointed  out  earlier,  the  daytime  4.3  pm  signal  is  due  to 
resonance  fluorescence  as  well  as  iionresonant  fluorescence 
excited  by  a  shorter  wavelength,  for  example,  solar  radiation 
(2.7  pm).  Near  the  top  of  this  layer,  the  collisions  of  oxygen 
atoms  with  COs  and  NO  also  play  an  important  role  in  15 
and  5.3  pm  emissions. 


13.4.3  Upper  Mesophere  (between  85  km 
and  70  km) 

Infrared  airglow  is  primarily  determined  by  processes 
■involving  solar  radiation  during  the  day  (Figure  13-14)  and 
the  airglow  reaction.  H  4-  O,  — »  OH  4-  O2  and  HO2 
4-  O— »  OH  4-  Os  during  the  night  (Figure  13-15).  Large 
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Figure  13-14.  The  dtiyiirrlc  signal  from  near  infrared  spectrometer  at  74 
km  tangent  height.  The  nighttime  OH  radiation  is  reduced. 

V  =  0)  — •  V  =  i)  radiation  appears  at  l.S^ 

Jim.  The  2.7  |im  radiation  is  fluorescence  signal  from 
CO>(i7,  +  vx  combination  bands)  and  H’O  (Pi  and  v'3  bands). 
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I  0  IS  2  0  2  5  3  0  3  5  4  0  4  5  5  0 

wavelength  ifim) 

Figure  1.TI5.  The  r.ighnime  signal  fmm  near  infrared  spectrometer  as 
turction  of  wavelength  Notice  the  pmgression  of  OH  over* 
tone  hands  tAv  =  2)  between  1. 5-2. 4  and  the  OH 

fundamental  bands  (Av  =  1)  peaked  at  about  p.m.  The 
Huorescent  emission  at  4.3  p-m  is  shown  here  without  the 
effects  of  the  diclectriq  relaxation  problem  encountered  in 
the  long  wavelength  spectrometer. 

diurnal  differences  in  the  density  of  oxygen  atoms  are  pre¬ 
sent.  Collisions  of  the  radiating  species  with  oxygen  atoms 
become  an  unimjwrtant  mechanism  for  depopulating  the 
radiating  states  because  of  the  small  oxygen  atom  concen¬ 
tration  even  in  daytime.  The  collisions  of  the  radiating  spe¬ 
cies  with  Ni  are  believed  important  for  OH  and  CO2  airglows 
at  night  [Kumer  et  al...  1978). 

At  a  tangent  height  of  about  80  km.  the  emissk  '  ground 
4.3  (im  from  CO;  emission  is  about  30  times  strong  '  Junng 
the  day  than  at  night  due  to  absorption  of  sola'  'a  *'.  '  .'O' 
(Figures  13-12  and  13-13).  Nighttime  4.26  p.mfiu:.  "  -  c.'-.  ^ 
is  primarily  due  to  energy  transfer  from  vibrationaPy  e.s.ited 
N;  (Kumeret  al.,  19781,  lurti  produced  by  energy  tr^-;.  .Vr 
from  vibrationally  hot  OH  produced  by  chemical  reaciion.> 
for  example.  H  4-  Oi  — ♦  OH  -f  O;.  , 

In  contrast  to  the  strong  daytime  emission  from  CG; 
around  4.3  (Am.  a  strong  nigh  time  airglow  is  seen  from 
OH  (Figure  13-15).  This  airglow  is  composed  of  many 
vibration-rotation  bands  extending  over  a  wide  spectral  re¬ 
gion  from  visible  to  4  (im.  Fundamental  vibration-rotation 
bands  (Av  =  I )  and  first  overtone  (Av  =  2)  bands  are  ob¬ 
served  in  ihe  infrared  (Murphy,  1971)  and  are  shown  in 
Figure  13-11.  The  overtone  hydroxyl  emission  is  broad  and 
appears  to  be  a  composite  of  several  vibrational  transitions. 
The  fundamental  (Av  =  I )  band  is  less  broad  and  is  peaked 
around  2.9  (im  indicating  strong  contributions  from  1-0  and 
2-1  vibrational  transitions  (Table  13-1).  It  should  be  pointed 
out  that  the  Einstein  A  ct>efficients  for  OH  overtone  emission 
are  larger  than  (hose  for  OH  fundamental  emission  for  ail 
upper  vibrational  levels  except  v  =  2  (Table  13-2).  The 
observations  cited  above  appear  reasonable  if  the  collisional 
deactivation  rates  are  closer  to  the  larger  of  the  two  sets  of 
Einstein'  A  coefficients.  The  daytime  hydroxyl  (Figure  13- 
14)  emissions  appear  weak.  The  1 .6  (cm  region  is  domintited 
by  0;fa  'A^.)  emission  and  the  2.7  (im  region  by  CO;  and 
H;0  emission  below  70  km. 

The  emission  around  15  pm  continues  to  show  no  diur¬ 
nal  variations  (Figure  I.^-I5).  Also,  emission  at  13.8  and 
16.2  (xm  in  the  wings  of  CO;  15  pm  band  is  observed 


(Figures  13-8  and  13-9).  This  emission  is  due  to  the  tran¬ 
sition  from  l(X)OI  and  10002  levels  to  the  01101  level  of 
CO;',  the  transition  from  the  third  level,  that  is,  the 
02201  01 101  iransition  at  668.3  cm  '  (compared  to  667.3 

cm*'  for  the  01 '0— *000  transition)  makes  a  substantial 
contribution  to  the  band  radiance  but  is  not  resolved  from 
the  01 101  — *  00001  emission.  Also  not  separated  are  the 
trace  isotope  emissions  from  that  of  the  main  isotope.  Mod¬ 
eling  studies  indicate  that  the  contribution  of  the  trace  iso¬ 
topes  to  the  radiance  at  15  pm  is  much  larger  than  expected 
on  grounds  of  abundance  because  of  the  fact  that  the  emis¬ 
sion  from  the  01  '0  — *  OOT'  transition  of  the  main  isotope  is 
self  absorbed  at  tangent  height  below  1 10  km. 

Around  80  km.  the  rate's  for  collisional  relaxation  of 
ozone.  0,(001)  M  — *  O.,(000)  +  M.  become  compa¬ 
rable  to  the  Einstein  A  coefficient  for  the  radiative  relaxa¬ 
tion.  Rates  of  collisiona'  relaxation  from  higher  vibrational 
levels  of  ozone  are  not  I  .own.  A  clear  description  of  the 
underlying  processes,  therefore,  canriot  be  formulated. 

Around  75  km  tangent  height,  the  daytime  scans  show 
the  a'Ag  — *  (0-1)  O,  transition  at  1.58  pm;  the  0-0 

band  of  the  same  electronic  transition  at  I  27  pm  is  outside 
the  range  of  detitiion  and,  therefore,  not  observed.  No 
signal  at  !  .o8  pm  is  observed  at  night.  The  mctastable  a 
state  has  a  radiative  lifetime  of  3.88  x  I0' s.  The  Franck- 
Condon  integral  for  the  0-1  transition  is  0.0131  times  that 
of  the  0-0  transition,  making  the  Einstein  ccefficient  of  the 
0-1  transition  about  1.76  x  10 '’s  '  [Kiupcnie.  1972).  That 
a  finite  signal  is  observed  is  due  to  the  large  length  over 
which  light  is  collected  and  the  large  densities  of  0;('A^) 
(about  5  X  10“  cm  ’).  Total  ground  state  O;  density  at  74 
km  is  1.7  X  lO'^/cc  and  that  in  vibrational  level  I  of  the 
ground  electronic  state  is  about  3  x  10“  cm  '.  We  thus  see 
that  at  74  km  tangent  height  there  is  complete  optical  in¬ 
version  between  the  a(v  =  0)  and  X(v  =  1)  states.  The 
gain  in  the  electronic  transition  is  ab<iut  10  ”  per  km  and 
assuming  a  path  length  of  10'  km  we  get  signal  amplifi¬ 
cations  of  e  .  Although  the  laser  action  on  this  transition 

does  not  appear  likely,  the  signal  shows  a  large  amount  of 
energy  stored  |();(a'A^.)  — *  0;(X'i;j.),  0-1 1.  The  lack  of  1.58 
pm  emission  al  night  indicates  that  the  main  source  of 
0;(a'A^.)  for  the  region  of  Ihe  atmosphere  discussed  here  is 
the  phoKxlissocialion  of  0<. 

13.4.4  Lower  Mesosphere  (between  70  km 
and  40  km) 

Solar  radiation  in  the  strong  absorption  bands  starts  be¬ 
coming  depleted  as  the  sunlignt  traverses  this  region.  In¬ 
frared  airglow  in  this  region. is  therefore  very  dependent  on 
the  LOS  and  three-dimensional  atmospheric  calculations  are 
needed  to  model  the  radiance  in  this  region.  Figure  13-16 
shows  the  0-1  band  radiance  of  the  electa'nic  transition 
(a'5!j.  — ►  )  of  O;  as  a  function  of  tangent  height.  It  is 

seen  that  the  larger  the  solar  elevation  angle,  the  grearer  :he 
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Figure  I.VI6.  Inicgraled  ( 1 .51-1 .65  (im)  O2  (a'  A,l  radiance  at  !.58  (tin 
as  function  of  solar  elevation  angle  Peak  signal  rjound  40 
km  shows  inverse  correlation  with  sc  lar  elevation  (x)  angle. 


1.58  fkm  radiance.  Also  in  contrast  to  the  higher  altitudes 
where  nighttime  9.6  (im  v,  radiance  from  ozone  is  larger 
than  the  daytime  value*  the  diurnal  variation  vanishes  in  the 
lower  part  of  thi.s  altitude  range  (below  about  30  km). 

We  again  point  out  that  this  division  of  the  atmosphere 
into  four  parts  for  the  discussion  of  the  airglow  is  rather 
arbitrary  and  with  a  different  data  base  the  boundaries  be¬ 
tween  the  regions  may  have  to  be  slightly  shifted.  However 
we  believe  that  basic  qualitative  features  of  infrared  airglow 
are  well  described  by  this  division.  This  method  of  pre¬ 
senting  the  data  also  stresses  the  common  sources  that  give 
rise  to  airglow  in  different  bands  and  species. 

13.4.5  Infrared  Radiators 

We  now  present  a  brief  discussion  of  the  airglow  clas¬ 
sified  according  to  the  radiating  species  in  order  to  sum¬ 
marize  the  previous  discussion  is  well  as  to  bring  out  several 
new  points. 

13.4.5.1  COj.  The  CO2  radiation  is  seen  in  the  limb- 
scanning  SPIRE  experiment  at  wavelengths  of  15,  4.3,  and 
2.7  (im.  15p.m  radiation  (Figure  13-5)  shows  no  diutnal 
variation  and  is  excited  mainly  by  collisions  with  oxygen 
atoms  above  90  km.  Below  90  km  altitude  the  main  mech¬ 
anisms  of  excitation  are  the  collisions  with  N2  and  O2  with 
the  earthshine  also  playing  a  role.  Above  70  km  the  15  p-m 
vibrational  temperature  lags  behind  the  translational  tem¬ 
perature,  whereas  below  70  km  LTE  forms  a  good  basis  for 
describing  the  15  pm  radiation  (Figure  13-17). 


Figure  13-17.  Vihralional  lemperalure  of  bending  mode  of  CO;  for  two 
rate  constants  for  the  deactivation  by  oxygen  above.  Kinetic 
teniperalure  is  denoted  by  triangles. 

Solar  radiation  plays  an  important  role  in  the  funda¬ 
mental  (Av  =  1)  emission  from  the  v,  mode  at  4.3  pm. 
Figure  13-18  gives  a  plot  of  the  vibrational  temperature  and 
kinetic  temperatures  (Degges  and  Smith,  1977]  as  functions 
of  altitude.  Figures  13-12  and  13-13  give  a  plot  of  the  4  3 
pm  emission  observed  by  SPIRE  as  a  function  of  tangent 
height  during  day  and  night,  respectively.  The  daytime  ra- 
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Figure  13-18.  Daviime  and  nighttime  vibrational  temperatures  of  asym¬ 
metric  stretch  of  CO:  as  function  of  altitude  Kinetic  tem¬ 
perature  is  also  plotted  fc  comparison  (Degges  and  Smith, 
1977), 
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Figure  13-21 .  Integrated  5  .00-5.70  (im  NO  band  radiance  a.s  function  of 
tangent  height.  Night  scan  8  gives  systematically  luTger 
signals  around  100  km. 


Figure  13-19.  Daytime  integrated  2. 5-2. 9  (im  band  CO;  and  H;0  radi¬ 
ance  as  function  of  tangent  height.  Signal  below  30  km  is 
due  to  Rayleigh  scattering. 


diance  at  around  80  km  tangent  height  is  about  a  factor  of 
30  larger  than  in  nighttime  value.  Also,  Scan  12  was  pro¬ 
grammed  to  look  almost  at  the  sun  at  higher  altitude.  The 
increased  signal  around  125  km  tangent  height  is  due  to 
telescope  leakage. 

Radiation  at  2,7  pm  (Figure  13-19)  is  observed  from 
COs  during  daytime  only.  In  addition  to  COj.  there  is  con¬ 
tribution  from  H;0  in  this  band  (Kumer,  1981;  Sharma  et 
al..  1981). 
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Figure  6..^  pim  (t*.')  water  hand  radiance  (integrated  74 

^m>  as  functitm  of  tangent  height 
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Figure  13-22.  Integrated  hand  radiance  for  the  5  . 3  gim  NO  signal  observed 
in  the  Fnergy  Budget  campaign  during  ascent  and  descent 
as  a  function  of  tangent  height. 
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Figure  13-23.  Daytime  and  nighttime  vibrational  temperatures  of  vi  mode 
of  ozone  as  function  of  altitude  [Degges  and  Smith.  1977). 

13.4.5.2  HjO.  Radiation  from  HiO  is  observed  at  6.3 
(im  (v2  bending  mode)  and  during  the  daytime  around  2.7 
jjim  (V|  and  v,  modes).  The  radiation  at  6.3  )im  as  a  function 
of  tangtiit  height  is  shown  in  Figure  13  -20.  The  LOWTRAN 
4  radirnce  model  (Selby  et  al..  1978]  using  5  ppr  HjO 
adequately  represents  the  data  between  60  and  70  km  tangent 
heights.  Above  70  km  the  daytime  2.7  m  emission  is  partly 
explained  at  1.5  ppm  of  water  in  a  non-LTE  model  by 
Degges  (private  communication,  1984). 
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13.4.5.3  NO.  The  5.3  p.m  radiation  from  NO  in  the  SPIFlE 
data  (Figure  13-21)  s|ibws  no  diurnal  valuation.  Figure 
13-22  shows  NO  radiation  from  the  Energy  Budget  zenith¬ 
looking  rocket  as  a  function  of  altitude.  Above  90  km,  the 
oxygen  atoms  play  a  doniinant  role  in  the  5.3  )im  radiation 
process  because  of  the  large  rate  constant  (Degges,  1971; 
Fernando  and  Smith,  1979)  for  the  collisicnal  excitation  of 
NO.  The  5.3  p.m  radiation  from  NO  is  the  major  cooling 
mechanisip  above  100  km  (Kockarts,  1980;  Zachbr  et  al., 
19811. 

13.4.5.4  03.  Ozone  emission  is  observed  around  9.6  p.m 
(vt  band)  and  around  4.8  p.m  (vi  -I-  Vj  combination  band). 
Ozone  emission  at  9.6  pim  has  been  one  of  the  better  studied 
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v,l  ciimbination  band  signal  for  ozone. 
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Figure  I.V2ft.  Summary  of  the  nighttime  signaK  observed  b^  SPIRE. 


ini  ired  airglow  processes  |Rawliris  et  al.,  1981 1.  Figure 
13-23  shows  the  Pi  vibrational  temperature  IDegges  and 
Smith.  1“77|  as  a  function  of  altitude.  Figures  13-10  and 
13-24  show  the  radiance  from  the  9,6  and  4.8  jam  bands 
as  functions  of  tangent  height. 

13.4.5.5  Ojt'Aig).  The  0-1  band  emission  at  1 .58  jam  has 
been  already  described  in  detail.  Most  of  the  earlier  riKket 
work  has  studied  the  0-0  emission  [Paulsen  et  al..  1972|. 
The  conclusion  of  the  studies  is  that  the  concentration  of 
O.'('Aj)  in  the  atmosphere  is  KT  -  10"  cm  '  depending 
on  the  altitude. 

13.4.5.6  OH.  The  hydroxyl  airglow  emission  ixcurs  over 
a  relatively  narrow  alti'ude  region  of  the  mesosphere  [Baker 
et  al..  1977|.  The  peak  emission  (Kcurs  around  85  km  and 
the  thickness  of  the  emitting  layer  is  about  1 0km  The  origin 
of  the  hydroxyl  emission  is  believed  to  iie  chemilumines¬ 
cence  from  two  chemical  reactions. 

H  +  O,  -*  OH(v  s:  9)  -  O; 
and 

O  +  HO:  —  OH(v  s  6)  +  O.. 


Figure  l.f-27.  Summary  of  the  daylime  signals  observed  by  SPIRE. 


The  model  for  hydroxyl  emission  is  complex  and  involves 
a  set  of  several  aeronomic  reactions  of  ozone  in  an  atmos¬ 
phere  containing  hydrogen  (Morecis  et  al.,  1977). 

In  addition  to  the  principal  radiators  mentioned  above, 
there  are  several  minor  radiators  in  the  altitude  range  covered 
in  this  article,  for  example.  NO-.  N-O  and  CHj. 

Figure  1.3-25  gives  a  summary  of  the  emission  in  the 
2-40  Jim  regions  as  computed  by  the  AFGL  Limb  Model 
[Degges  and  Smith,  I977[  at  the  re.solution  of  the  SPIRE 
experiment  (Ak  -  p.()4\).  Principal  feahires  discussed  above 
arc  seen,  that  is.  enhanced  daytime  emission  at  2.1  and  4.3 
Jim.  enhanced  nighttime  emission  at  9.6  jim,  as  well  as 
diumally  independent  emission  at  5.3  and  15  jim,  and  long 
wavelengths.  Also  clearly  seen  is  the  region  (II  to  13  jim) 
characterized  by  the  absence  of  infrared  airglow.  Figures' 
13-26  and  13-27  give  a  summary  of  the  nighttime  and  day¬ 
time  radiances  observed  by  SPIRE.  At  high  altitudes.  NO 
(5.3  Jin’ll  is  the  most  inte.ise  emission  observed  while  at 
low  altitudes  CO,- ( 15  jim)  and  Oi  (9.6  jim)  are  the  dominant 
radiators.  It  should  be  noted  that  in  the  absence  of  a  data 
base  in  the  17--f()  jini.  the  radiances  in  Figure  13-25  can 
be  regarded  as  theoretical  predictions.  In  the  light  of  future 
work  these  predictions  may  have  to  be  modified. 
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Standard  and  Reference  Atmospheres 

K.S.W.  Champion,  A.E.  Cole,  and  A.J.  Kantor 


14.1  STANDARD  ATMOSPHERE 

The  World  Meterologtcjl  Organization  (WMO)  has  de¬ 
fined  the  Standard  Atmosphere  as  follows: 

"A  hypothetical  vertical  distribution  of  atmospheric  tem¬ 
perature.  pressure  and  density  which  by  international  agree¬ 
ment  and  for  historicjl  le-soiis,  is  toughly  representative  of 
year-round,  midlatitude  conditions.  Typical  usages  are  as  a 
bas's  for  pressure  altimeter  calibrations,  aircraft  perform¬ 
ance  calculations.  airci.ift  and  rocket  design,  ballistic  tables 
and  meteorological  diagrams.  The  air  is  assumed  to  obey 
the  perfect  gas  taw  and  'he  hydrostatic  equation  which,  taken 
together,  relate  temperature,  pressure,  and  density  with  geo¬ 
potential.  Only  one  standard  atmosphere  should  be  specified 
at  a  particular  time  and  this  standard  atmosphere  must  not 
be  subjected  to  amenen  lei  *  except  at  inteh'als  of  many 
years.' 

Because  of  the  interest  of  aerospace  engineers  and  at¬ 
mospheric  scientis'-  m  condiiions  at  much  higher  altitudes 
than  those  currently  being  considered  by  the  WMO,  mem¬ 
bers  of  the  U  S.  Commirtee  on  Extension  to  the  Sta'ndard 
Atmosphere  (COES.A)  agreed  to  udd  the  following  para¬ 
graph  to  the  abo'  e  definition  in  describing  the  U  S.  Standard 
Atmosphere,  191'6,  which  extends  to  1000  km: 

"The  atmosphere  shall  also  be  considered  to  rotate  with 
the  earth,  and  be  an  average  ov6r  the  diurnal  cycle,  semi¬ 
annual  Variation,  and  the  range  of  conditions  from  active  to 
quiet  geomagnetic,  and  active  to  quiet  sunspot  conditions. 
Above  the  tuibopsuse  (about  1 10  km)  generalized  forms  of 
the  hydrostatic  equations  apply." 

14.1.1  U.S.  Standard  Atmosphere,  (976 

The  U.S.  Standard  Atinosphere.  I‘^*b  r  ide.d’zcd. 
steady-state  representation  of  mean  annual  conaitions  of  the 
earth's  atmosphere  from  the  surface  to  1000  km  at  latitude 
45‘'!'J.  as  it  is  as.-umed  to  exist  during  a  period  v  ith  moderate 
solar  activity.  The  defining  meteorological  elements  are  sea- 
level  temperature  and  pressure,  and  a  temperature  height 
profile  to  1000  km  The  lailer  includes  a  linearly  segmented 
tebiperature-height  profile  in  gcopotential  heights  bet  veen 
the  surface  and  86  km  The  first  .12  km  portion  of  this  profile 
is  identical  to  the  International  Civil  Aviation  Organi  ’atiof, 


(ICAO)  Standard  Atmospiiere.  The  mean  annual  midlatitude 
vertical  temperature  profile  for  the  portion  between  32  and 
.5.S  km  was  developed,  from  both  routine  radiosonde  obser¬ 
vations  and  meterological  rocketsonde  observations.  The 
portion  between  55  and  86  km  is  based  primarily  on  mea¬ 
surements  derived  from  grenade,  pitot  static  tube  and  falling 
sphere  experiments. 

The  temperature-height  profile  between  86  and'  1000  km 
is  expressed  in  geometric  altitude.  It  is  not  a  series  of  linear 
functioiiK  as  it  is  at  altitudes  below  86  km.  Rather,  it  is 
defined  in  terms  of  four  successive  functions  chosen  not 
only  to  provide  a  reasonable  approximation  to  observations, 
t  ii:  also  to  yield  a  continuous  first  derivative  with  respicet 
to  altitude  ever  the  entire  regime.  Ob.servational  data  of 
various  kinds  provided  the  basis  for  determining  the  four 
segments  of  the  tcn.perature-height  profile  between  86  and 
lOfX)  km.  The  obsc  ved  *empr;ra’uies  at  altitudes  between 
110  and  120  km  were  p  ii  iculariy  important  in  imposing 
limits  on  I'nc  temp^eratui'e-heighl  structure  for  thai  region, 
while  the  observed  density  at  150  km  and  above  strongly 
influenced  the  selection  of  both  the  temperature  and  the 
extent  of  the  low-temperature  isothermal  layer  immediately 
above  86  kni.  Values  of  the  thermodynamic  properties  for 
the  region  betv  een  140  and  1000  km  were  determined  al¬ 
most  exclusively  from  satellite  related  observatfi-.r  .md  r-i- 
dar  incoherent  scatter  tecliniques.  For  altitudes  hetw  ;en  'H) 
and  140  km.  however,  there  is  only  a  very  limited  amount 
of  data  from  nn'ket  soundings  and  incoherent  scatter  ob¬ 
servations.  and  almost  none  from  satellite  observations. 

The  1976  Standard,  like  its  predeces.sors,  uses  the  fol¬ 
lowing  sea-level  values  of  temperature,  pressure,  and  den¬ 
sity  which  have  been  standard  for  decades: 

Temperature  288.15  K,  15°C  or  59°F 

.Pre.ssure  1013.25  mb,  760  mm  of  Hg.  or  29.92  in. 
of  Hg 

Density  1225.00  g/cm'  or  0.076474  Ibs.'ft’. 

In  spite  of  the  various  independent  data  sets  upon  which  the 
several  temperature-height  segments  are  based,  it  is  desir¬ 
able.  for  purposes  of  mathematical  reproducibility  of  the 
tables  of  th"  1976  Standard,  to  express  the  temperature  in 
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a  series  of  consecutive  height  functions  from  the  surface  to 
1000  km,  with  the  expression  for  each  successive  function 
depending  uptm  the  end  ptiint  value  of  the  preceding  func¬ 
tion  as  well  as  upon  certain  terms  and  cwflicien's  peculiar 
to  the  related  altitude  interval.  This  total  temperature-height 
profile  applied  to  the  fundamental  continuity  models  (hy¬ 
drostatic  equation  and  the  equation  of  motion)  together  with 
all  the  ancillary  reojired  constants,  coefficients,  and  func¬ 
tions,  defines  the  U.i>.  Standard  Atmosphere,  1976. 

14.1.1.1  Equilibrium  Assumptions.  The  air  is  assumed 
to  be  dry.  and  at  altitudes  below  86  km  the  atmosphere  is 
assumed  to  be  homogeneously  mixed  with  a  relative  volume 
composition  leading  to  a  constant  mean  molecular  weight 
M...  The  air  is  treated  as  if  it  were  a  perfect  gas.  and  total 
pressure  P,  temperature  T.  and  total  density  p  at  any  point 
in  the  atmosphere  are  related  by  the  equation  of  state,  that 
is.  the  perfect  gas  law,  one  form  of  which  is 


port  of  individual  gas  species  lead  to  the  need  for  a  dynam¬ 
ically  oriented  model  including  diffusive  separation.  Under 
these  conditions.  Colegrovcct  al.  ( I965|  found  it  convenient 
to  express  the  variations  with  altitude  of  the  atmospheric 
number  density  in  terms  of  the  vertical  component  of  the 
flux  of  the  molecules  of  individual  gas  species.  In  terms  of 
the  ith  gas  species,  this  expression  is 


.  ^  /dn,  ,  ni  •  (I  +  Ui) 

n,  •  V,  +  D,  •  -I-  - - - 

\dZ  T 


£r  ^  g  •  n,  •  M,\ 
dZ  R*  •  T  / 


n,  _  £r  g  •  n,  •  M\ 
VdZ  T  ’  dZ  R*  ■  T  / 


(14.6) 


where 

Oj  =  number  density  of  the  ith  gas  species, 


p  R*  •  T 

M., 


(14.1) 


Vj'  =  the  vertical  transport  velocity  of  the  ith  species, 
Ti  “  the  altitude-dependent,  molecular-diffusion 


where  R*  is  the  universal  gas  constant.  An  alternate  form 
of  the  equation  of  state  in  terms  of  the  total  number  density 
N  and  the  Avogadro  constant  is 


This  form  represents  the  summation  of  P,.  the  partial  pres¬ 
sures  of  the  individual  gas  species,  where  P,  is  related  to  n, 
the  number  density  of  the  ith  gas  species  in  the  following 
expression: 


coefficient  of  the  ith  spfecies  diffusing 
through  N2, 

ttj  =  the  thermal-diffusion  coefficient  of  the  ith  species. 
M,  =  the  molecular  weight  of  the  ith  species. 

M  =  the  molecular  weight  of  the  gas  through  which  the 
the  ith  species  is  diffusing, 

and 


P,  =  n,  •  k  •  T  , 


(I4..1) 


K  =  the  altitude-dependent,  eddy-diffusion  coefficient. 


where  k  is  the  Boltzn.arin  constant. 

Within  the  al'itude  region  of  complete  mixing,  the  at¬ 
mosphere  is  assumed  to  be  in  hydrostatic  equilibrium  and 
to  be  horizontally  stratified  so  that  dP,  the  differential  of 
pressure,  is  related  to  dZ.  the  differential  of  geometric  al¬ 
titude.  by  the  relationship 

dP  =  -g  •  p  ■  dZ  .  (14.4) 

where  g  is  the  altitude-dependent  acceleration  of  gravity. 
The  elimination  of  p  betveen  Equation.^  (14.11  and  (14.4) 
yields  another  form  of  the  hydrostatic  equation,  which  serves 
as  the  basis  for  the  low  -.iititude  pressure  calculation: 

dP  -  u  ■  M, 

d  In  P  =  --  =  -TT-— ^  ■  dZ  •  (14.5) 

P  R*  •  T 

Above  86  km  the  hydrostatic  equilibrium  of  the  atmo¬ 
sphere  gradually  breaks  dow  n  as  diffusion  and  vertical  trans- 


14.1.1.2  Atmospheric  Properties.  Because  of  limited 
space,  the  1976  Standard  Atmosphere  Tables  are  not  in¬ 
cluded  in  this  handbook.  For  detailed  tables  consult  U.S. 
Standard  Atmosphere.  1976  |COESA|.  The  temperature- 
height  profile  of  the  1976  Standard  for  altitudes  up  to  86 
km  is  shown  in  Figure  14-1.  The  profile  is  the  same  as  the 
1962  Standard  for  altitudes  up  to  51  km.  From  51  to  70  km 
it  is  colder,  and  from  70  to  86  km  it  is  warmer  than  the 
1962  Standard.  Temperature  profiles  to  500  km  for  the  1962 
and  1976  .standard  and  pressure  and  density  profiles  from 
the  surface  to  10(X)  km  for  the  1976  Standard  are  presented 
in  Figures  14-2  and  l4-.t.  The  equations  used  for  computing 
other  atmospheric  properties  tabulated  in  the  1976  Standard 
are  discussed  below. 

Mean  Particle  Speed 

The  mean  particle  speed  V  is  the  arithmetic  average  of 
the  speeds  of  all  air  particles  in  the  volume  elemen'  being 
considered.  All  particles  are  considered  to  .>c  neutral.  For 
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Figure  14-3.  Total  pressure  and  mass  density  as  a  function  of  geometric 
altitude. 
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Figure  14-2.  Kinetic  temperature  as  a  function  of  geometric  altitude 


a  valicj  average  to  occur,  there  must  be  a  sufficient  number 
of  particles  involved  to  represent  mean  conditions.  Pressure 
and  temperature  gradients  within  the  vojume  must  be  neg¬ 
ligible.  The  analytical  expression  for  V  is  cilosely  related  to 
that  for  the  speed  of  sound  and  is  proportional  to  the  ratio 
ofT/M. 


(14.7) 


where  M  is  the  mean  molecular  weight  at  a  specific  altitude. 
A  graph  of  V  as  a  function  of  geometric  altitude  is  given 
in  Figure  14-4. 


Mem,  Collision  Frequency 

The  mean  collision  frequency,  v(s"'),  between  the  hy¬ 
pothetical  mean  neutral  particles  is  a  function  of  pressure 
P,  temperature  T,  and  molecular  weight  M,  as  well  as  of 
an  effective  mean  collision  diameter  o.  The  expression  used 
for  computing  this  property  is 


geometric  A,.TITU0E  (Kn)  _  -  GEOMETRIC  ALTITUDE  ( km) 
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where  it  =  the  ratio  of  the  circumference  to  the  diameter 
of  a  circle,  that  is  3.14159  (dimensionless)  and  o-  =  the  ef¬ 
fective  collision  diametdr,  3.65  x  10  "’m.  Figure  14-5  shows 
the  variation  in  mean  collision  frequency  with  altitude. 

Mean  Free  Path 

The  mean  free  path  L  is  equal  to  the  ratio  of  mean  particle 
speed  to  mean  collision  frequency, 

V 

L  =  -  •■  (14.9) 

V 

This  quantity  represents  the  average  travel  distance  between 
collisions  of  the  hypothetical  mean  neutral  particles  in  any 
direction  along  which  the  total  change  ot  number  density  is 
small  over  the  mean  free  path  length.  Thus  at  the  altitude 
of  130  km  where  L  is  less  than  10  m,  the  concept  is  ap¬ 
plicable  in  all  directions.  At  altitudes  above  175  km.  where 
L  is  the  order  of  100  m  or  greater,  the  concept  of  mean  free 
path,  at  best,  becomes  blurred  and  must  be  used  with  cau¬ 
tion.  The  values  of  L  versus  altitude  are  plotted  in  Figure 
14-6. 
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Figure  I4-7.  Mean  molecular  weight  as  a  function  of  geometric  altitude 

where  n,  and  M,  are  the  number  density  and  molecular 
weight,  respectively,  of  the  ith  gas  species.  In  that  part  of 
the  atmosphere  between  the  surface  and  86  km  altitude, 
mixing  is  dominant,  and  the  effect  of  diffusion  and  pho¬ 
tochemical  processes  upon  M  is  negligible.  Consequently. 
M  remains  constant  at  its  sea  level  value.  M.,  =  28.9644 
kg/kmol.  The  variation  of  the  mean  molecular  weight  with 
altitude  is  shown  in  Figure  14-7. 

Spci’d  of  Sound 

The  expression  adopted  for  the  speed  of  sound  C.  is 

C,  .  (3^-^)'’.  04.0, 

where  7  is  the  ratio  of  specific  heat  of  air  at  constant  pressure 
to  that  at  constant  volume  and  is  taken  to  bo  1 .40  exact 
(dimensionic.is).  The  above  equation  for  speed  of  sound 
applies  only  when  the  sound  wave  is  a  small  perturbation 
on  the  ambient  condition.  Calculated  values  for  C.,  have 
been  found  to  vary  slightly  from  experimentally  determined 
values.  The  limitation  of  the  concept  of  speed  ttf  sound  due 
to  extreme  atle.niiation  is  also  of  concern.  The  attenuation 
that  exists  at  sea  level  for  high  frequencies  applies  to  suc¬ 


cessively  lower  frequencies  as  atmospheric  pressure  de- 
crea-  es  or  as  the  mean  free  path  increases.  For  this  reason, 
the  concept  of  speed  of  sound  (except  for  frequencies  ap¬ 
proaching  zero)  progressively  loses  its  range  of  applicability 
at  high  altitudes.  Hence  the  main  tables  listing  the  values 
of  .speed  of  sound  arc  terminated  at  86  km.  The  variation 
of  the  speed  of  sound  with  altitude  is  shown  in  Figure 
14-8. 

Dynamic  Viscosity 

The  coefficient  of  dynamic  viscosity  p.(N  s/nr)  is  de¬ 
fined  as  a  coefficient  of  internal  friction  developed  whe.rc 
gas  regions  move  adjacent  to  each  other  at  different  veUsc- 
ities: 


where  P  is  a  constant  equal  to  1 .458  x  l()'’kgs'm  'K 
and  .S  is  Sutherland's  constant,  equal  to  1 10.4  K.  The  equa¬ 
tion  fails  for  conditions  of  very  high  and  very  low  temper¬ 
atures  and  under  conditions  occurring  at  great  altitudes. 
Variation  of  dy  namic  viscosity  with  altitude  is  show  n  graph¬ 
ically  in  Figure  14-9. 

Sincmilic  Viscosity 

Kinematic  viscosity  is  defined  as  the  ratio  of  the  dy¬ 
namic  vi.scosity  of  a  gas  to  the  density  of  that  gas.  p. 
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Figure  14-9  Dynamic  viscosity  as  a  function  of  geometric  altitude. 


(14.13) 


Limitations  of  this  equation  are  comparable  to  those  asso¬ 
ciated  with  dynamic  viscosity.  A  graphical  representation 
of  the  variation  of  kinematic  viscosity  with  altitude  is  shown 
in  Figure  1^-10. 


Coefficient  of  Thermal  Conductivity 

The  empirical  expression  adopted  for  developing  tabular 
values  of  the  coefficient  of  thermal  conductivity  k,  for  al¬ 
titudes  up  to  86  khi  is  as  follows: 


2.65019  X  10  '  r  - 
T  -F  245,4  X  10 


(14.14) 


This  expression  differs  from  that  used  in  the  U.S.  Standard 
Atmosphere.  1962  in  that  the  rumerical  constant  has  been 
adjusted  to  accorilmodate  a  conversion  of  the  related  energy 
unit  frorr.  the  temperature-dependent  kilogram  ca'  .rrie  to  the 
invariant  Joule.  Thus,  the  values  of  k,  in  units  of  J  m''s''K'' 
or  W  m  'K  '  are  greater  than  the  values  of  k,  in  units  of 
kcal  m  's  'K  '  by  a  factor  of  exactly  4,19002  x  10'.  Ki¬ 
netic  theory  deierminaiions  of  thermal  conductivity  of  some 


Figure  14-10.  Kinematic  viscosity  as  a  function  of  geomelnc  altitude. 


monatomic  gases  agree  well  with  observation.  The  variation 
of  the  coefficient  of  thermal  conductivity  with  altitude  is 
shown  in  Figure  14-11. 

14.1.1.3  Atmospheric  Structure.  Temperature  varia¬ 
tion  with  altitude  is  the  most  pronounced  feature  of  the 
earth's  atmosphere  and  the  various  layers  and  shells  can  be 
described  more  easily  by  temperature  than  by  any  other 
element.  This  feature  is  illustrated  in  Figure  Is  I  with  the 
temperature  height  profile  for  the  1976  Standard  up  to  86 
km.  Usually,  temperature  decreases  with  increasing  altitude 
in  the  lowermost  several  kilometers.  Except  for  the  first 
kilometer  above  the  earth’s  surface,  the  normal  lapse  rate 
is  about  6.5  K/km  in  the  troposphere,  which  extends  from 
the  surface  to  the  tropopause.  , 

The  tropopause  is  the  atmospheric  surface  at  which  the 
temperature  decrea.se  with  altitude  either  stops  abruptly  or 
the  lapse  rate  becomes  less  than  some  arbitrary  low  value. 
The  height  of  the  tropopause  varies  with  latitude,  season, 
and  weather  situation;  in  general  it  is  lowest  (8  to  10  km) 
in  arctic  regions  in  winter,  and  highest  (16  to  18  km)  in  the 
tropical  and  equatorial  regions.  Above  the  tropopause,  tem¬ 
peratures  increase  with  altitude,  slowly  at  first,  then  more 
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Figure  14-11.  CixifHcicnt  of  thermal  conductivity  as  a  function  of  grtv 
metric  altitude. 


rapidly  up  to  about  50  km,  where  the  average  temperature 
is  within  a  few  degrees  of  the  freezing  point.  This  surface 
of  maximum  temperature  is  designated  th*:  stra'opause,  and 
the  entire  layer  below  it  down  to  the  tropopause  is  the 
stratosphere. 

The  layer  above  the  stratopause  in  which  the  temperature 
normally  decreases  with  increasing  altitude  is  called  the 
mesosphere.  It  ends  at  the  mesopause  at  80  to  90  km,  where 
the  lowest  temperatures  of  the  atmosphere  are  found  (I,t5 
to  190  K).  .A.bove  the  mesopause  lies  the  thermosphere;  its 
upper  limit  varies  with  solar  and  geophysical  conditions. 
The  temperature  in  the  thermosphere  increases  rapidly  with 
altitude  up  to  about  200  km.  then,  more  slowly,  becoming 
nearly  isothermal  above  .tOO  to  .SOO  km.  The  temperature 
above  200  km  varies  widely  according  to  the  degree  'of  solar 
activity;  it  is  about  WXI  K  when  the  sun  is  quiet  and  possibly 
20(X)  K  during  sunspiit  maxima.  The  exosphere,  sometimes 
called  region  of  escape,  is  the  outermost,  or  topmost  portion 
of  the  atmosphere.  Its  lower  boundary  is  the  critical  level 
of  escape,  estimated  to  be  .‘'(XI  to  1(XX)  km  above  the  earth's 
surface.  The  air  density  is  so  low  that  the  mean  free  path 
of  individual  particles  depends  upon  their  direction  with 
respect  to  the  liKal  vertical,  being  greatest  for  upward  mov¬ 
ing  particles  It  is  only  from  the  ext. sphere  that  atmospheric 
gases  can  escape  intt'  outer  space.  In  this  region  temperature 
can  no  longer  be  defined  in  the  usual  way. 


14.2  REFERENCE  ATMOSPHERES 

14.2.1  Air  Force  Reference  Atmospheres  for 
Altitudes  Below  90  Km 

The  Reference  Atmospheres  presented  in  this  section 
(Cole  and  Kantor,  1978)  were  developed  to  provide  Air 
Force  engineers  and  designers  of  aerospace  systems  with 
up  to  date  information  on  the  seasonal,  latitudinal,  and  lon¬ 
gitudinal  variations  in  the  vertical  distributions  of  the  ther¬ 
modynamic  properties  (pressure,  temperature,  and  density) 
of  the  atmosphere  in  the  Northern  Hemisphere  for  altitudes 
up  to  90  km.  Special' models  are  included  to  illustrate  the 
magnitude  of  the  changes  in  the  vertical  distributions  of 
these  atmospheric  properties  during  extreme  winter  warm¬ 
ings  and  coolings  of  the  stratosphere  and  mesophere  in  arctic 
and  subarctic  regions. 

14.2.1.1  Basic  A.ssumptions  and  Formulas.  The  at¬ 
mospheric  models  are  defined  by  temperature-altitude  pro¬ 
files  in  which  temperatures  change  linearly  with  respect  to 
geopotential  altitude.  It  is  assumed  that  the  air  is  dry,  is  in 
hydrostatic  equilibrium,  and  behaves  as  a  perfect  gas.  The 
molecular  weight  of  air  at  sea  level,  28.9644  kg/kmol,  is 
assumed  to  be  constant  to  90  km.  Actually,  dissociation  of 
molecular  oxygen  begins  to  take  place  near  80  km  and 
molecular  weight  starts  decreasing  slowly  with  height.  Con- 
.sequently,  the  temperatures  given  in  the  tables  for  altitudes 
above  80  km  are  slightly  but  not  significantly  larger  (less 
than  one  degree  K)  than  the  ambient  kinetic  temperature. 

Numerical  values  for  the  various  thermodynamic  and 
physical  constants  used  in  computing  the  tables  of  atmos¬ 
pheric  properties  for  these  Reference  Atmospheres  are  iden¬ 
tical  to  those  used  in  the  preparation  of  the  U.S.  Standard 
Atmosphere,  1976.  with  two  exceptions.  Surface  conditions 
for  the  atmospheres  are  based  on  mean  monthly  sea-level 
values  of  pressure  and  temperature  for  the  appropriate  lat¬ 
itude  rather  than  on  standard  conditions.  The  accelerations 
due  to  gravity  at  sea  level  for  the  latitudes  were  obtained 
from  the  following  expression  by  Lambert  IList,  1%8]  in 
which  gravity,  g,  varies  with  latitude  4: 

U  = 

9.780,'(.‘>6  ( I  H-  0.(X)52885  sin=  <t>  -  0.{XX)0().‘'9  sin’  24)). 

(14.15) 

The  relationship  between  geopr'tential  altitude  and  geo¬ 
metric  altitude  is  the  same  as  that  used  for  the  U.S.  Standard 
Atmosphere.  1976: 


where  H  is  the  geopotential  altitude  in  geopotenlial  meters 
tm’),  Z  is  the  geometric  altitude,  r,,,  is  the  effective  earth 
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Table  14-1.  Sea  level  acceleration  of  gravity  and  the  effective  radius,  r*. 
of  the  earth  for  each  latitude. 


Latitude 

<l> 

Sea  Level  Gravity 
g«  (m/.i-) 

Effective  Earth  Radius 
r^,,  (km) 

0 

9.78036 

63.34.984 

15 

9.78.381 

6.3.37.8.38 

.30 

9.79324 

6345.65.3 

45 

9.80665 

6356.766 

60 

9.8191 1 

6.367.103 

75 

9.82860 

6374.972 

90 

9.83208 

6377.862 

radius,  is  the  sea-level  value  for  acceleration  of  gravity 
at  a  specific  latitude  <|>  as  given  by  Lambert's  equation,  and 
G  is  the  unit  geopotential  set  equal  to  9.8066.')  m' s  -  (m'l  '. 
Values  of  r*  and  g*  are  given  in  Table  14-1. 

14.2.1.2  Data,  initial  sea-level  pressures  for  each  at- 
mttsphere  were  taken  from  mean  monthly  sea-level  charts 
for  the  northern  hemis,,here.  Temperature-height  profiles 
for  altitudes  up  to  .tO  km  were  t.btained  for  specific  latitudes 
and  months  by  giving  equal  weight  to  radiosonde  temper¬ 
atures  interp»)latcd  for  each  10’  of  longitude. 

Temperature  distributions  between  .10  and  55  km  are 


based  on  Meterological  Rocket  Network  (MR'4)  o'tserva- 
tions  taken  during  the  period  1964  through  1976  ai  d  tem¬ 
peratures  from  .sets  of  5,  2,  and  0.4  mb  constant  pressure 
maps  prepared  by  the  Upper  Air  Branch  of  the  National 
Weather  .Service  for  the  years  1964  through  1968  and  from 
January  1972  through  June  1974.  The  temperature  distri¬ 
butions  between  55  and  90  km  are  based  primarily  on  tem¬ 
peratures  derived  from  grenade,  falling  sphere,  and  pressure 
gauge  experiments.  A  detailed  description  of  the  analysis 
of  these  data  and  the  development  of  the  monthly  models 
is  contained  in  Air  Force  Surveys  in  Geophysics  No.  382, 
Air  Force  Reference  Atmospheres  [Cole,  1978). 

14.2.1.3  Seasonal  and  Latitudinal  Models.  Sets  of  mean 
monthly  Reference  Atmospheres  for  altitudes  up  to  90  km, 
[Cole.  1978)  have  been  developed  for  15°  intervals  of  lati¬ 
tude,  including  the  equator  and  north  pole,  to  provide  infor¬ 
mation  on  the  seasonal  and  latitudinal  variations  in  the  ther¬ 
modynamic  properties  of  the  atmosphere.  Due  to  limitations 
on  the  length  of  individual  presentations  in  the  handbook,  only 
the  properties  of  the  January.  April,  July,  and  October  models 
are  presented  by  geometric  altitudes  in  Table  1 4-2 . 

The  distribution  of  atmospheric  temperature  between  the 
equator  and  north  pole,  based  on  the  January  and  July  Ref¬ 
erence  Atmospheres  for  latitudes  0°,  15°.  30°.  45°.  60°,  75° 
and  90°N,  is  shown  in  Figure  14-12  for  geometric  altitudes 


*}•  TT  ecr  49'  so*  IS*  eo  is'  so*  45*  so*  ts*  so* 

LATITUOC 


FiL’iirc  (4-12  l-.ititiuitrijl  tcnipcr.mirc-hci):hi  cross-seciionv  nf  momhl\  tcmpcraiurcs  for  January  and  July. 


ki 

? 

> 

V 

•> 

■> 


Mi 


r.'-- 

V 


14-8 


•Til 


STANDARD  AND  REFERENCE  ATMOSPHERES 


T»ble  14-2*.  Reference  Atmosphere  Temp  iK) — January 


Alt  (km) 


10.000 

12.000 

14.000 

16.000 

18.000 

20. 

22. 
24.000 
26.000 
28.000 

30.000 

32.000 

34.000 

36.000 

38.000 

40.000 

42.000 

44.000 

46.000 

48.000 

50.000 

52.000 

54.000 

56.000 

58.000 

60.000 

62.000 

64.000 

66.000 

08.OOO 

70.000 

72.000 

74.000 

76.000 

78.000 

80.000 

82,000 

84,000 

86.000 

88.000 

90.000 


0° 

15'’N 

30°N 

45°N 

60°N 

75°N 

OO^N 

299.15 

296.65  , 

287.15 

272.15 

257.15 

248.15 

237.15 

288.78 

287:27 

281.16 

265.15 

255.94 

251.37 

245.88 

'  278.41 

277.90 

268.20 

255.66 

247.73 

240.36 

236.61 

268.06 

266.28 

255.24 

243.68 

234.13 

229.35 

226.60 

256.40 

252.35 

242.28 

231.71 

220.54 

218.35 

216.59 

240.49 

238.42 

229.34 

.  219.74 

217.15 

214.14 

212.64 

224.58 

224.50 

216.40 

218.65 

217.15 

212.14 

2i0.64 

208.69 

210.59 

211.08 

217.66 

217.15 

210.14 

208.63 

197.34 

199.46 

205.91 

216.67 

216.66 

208.15 

204.64 

195.03 

195.15 

203.15 

215.67 

215.66 

206.16 

200.65 

201.37 

203.65 

207.73 

215.15 

214.66 

204.16 

196.67 

207.71 

212.57 

212.49 

215.15 

213.67 

202.93 

196.65 

214.05 

217.22 

217.25 

215.15 

212.68  , 

204.12 

196.65 

220.38 

221.58 

221.79 

215.15 

212.98 

205.32 

196.65 

226.71 

225.93  , 

225  36 

217.08 

214.77 

206.51 

196.65 

232.70 

230.28 

228.92 

221.44 

216.55 

209.00 

203.04 

,  236.65 

234.63 

233.13 

225.79 

218,34 

212.97 

209.59 

240.60 

238.97 

237.67 

230.15 

220.12 

216.94 

216.14 

244.55 

244.29 

242.24 

235.54 

222.07, 

220.90 

222.69 

249.66 

250.20 

246.98 

241.47 

224.25 

224.86 

229.23 

254.98 

256.12 

251.71 

247.40 

226.43 

228.82 

232.98 

260.30 

262.02 

256.45 

253.32 

232.87 

232.78 

236.55 

265.61 

265.70 

261.17 

259.24 

239.78 

236.74 

240. 1 1 

270.92 

268.84 

265.65 

262.82 

245.16 

240.69 

243.67 

272.15 

271.15 

265.65 

264.65 

247.93 

244.64 

247.22 

272.15 

771.15 

265.65 

264.65 

250.69 

248.59 

250.78 

269.12 

268.95 

261.73 

261.41 

251.15 

252.53 

252.15 

265.01 

264.43 

256.62 

255.51 

251.15 

255.15 

252.15 

260.71 

259.92 

251.65 

250.83 

250.93 

254.06 

255.61 

254.49 

247.13 

247.29 , 

250,54 

250.72 

250.52 

249.01 

242.62 

243.76 

250. 1 1 

247.37 

245.44 

243.53 

238.12 

240.22 

245,59 

244.03 

240,35 

238.05 

233.61 

236.69 

241.08 

240,69 

235.27 

232.58 

229. 1 1 

233.17 

238.65 

238.5?. 

230.19 

226.62 

224.62 

229.64 

238.65 

240.09 

225.12 

228.57 

220,12  . 

226,12 

238.65 

241.66 

217.25 

214.88 

218.15 

225.65 

238.07 

239.43 

206.72 

210.20 

218.15 

225.65 

234.16 

2.35.52 

196.20 

205.53 

,  216.35  . 

223.44 

2.30.25 

231.60 

195.6.5 

200.85 

212.84 

219.54 

226.34 

■  227.69 

195.65 

198,15 

209.33 

215.63 

222.43 

223.77 

195.65 

198,15 

205.83  ■ 

212.50 

218.53 

219.87 

195.65 

198.15 

202.32 

2IO.I6 

214.65 

215.96 

194.59 

196.97 

198.82 

207,82 

214.65 

214.15 

191.29 

193.48 

195,33 

205.49 

214.65 

214.15 

187.99 

189.99 

191.83 

203.15 

214.65 

214,15 

•'*  '  e*"  /aIC*: 
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Table  l4-2b.  Reference  Atmosphere  Temp  (K) — April 


Alt  (km) 

0“ 

15'’N 

30°N 

45'‘N 

60°N 

75’N 

90°N 

0.000 

300.15 

297.15 

292.15 

279.15 

269.15 

255.15 

248.65 

2.000 

288.98 

286.97 

2S2.16 

273.15 

263.14 

254.88 

252.12 

4.000 

277.82 

276.81 

272.19 

263.66 

257.13 

244.86 

242.11 

6.000 

266.67 

264.78 

260.24 

250.68 

243.13 

233.85 

232.10 

8.000 

254.63 

250.85 

246.29 

237.71 

229.14 

222.85 

222.09 

10.000 

239.71 

236.92 

232.35 

224.75 

222.15 

222.56 

221.9! 

12.000 

224.81 

223.00 

218.42 

218.15 

222.15 

224.:  5 

224.15 

14.0CO 

209.91 

209.09 

213.47 

218.15 

222.15 

224.15 

224.15 

16.000 

198.56 

200.02 

208.69 

218.15 

222.15 

224.15 

224.15 

18.000 

196.12 

196.15 

206.15 

218.15 

222.15 

224.15 

224.15 

20.000  , 

202.66 

204.84 

210.92 

218.15 

222.15 

224.15 

224.15 

22.000 

'  209.20 

213.96 

215.88 

218.15 

222.15 

224.15 

224.15 

24.000 

215.74 

221.02 

220.46 

220.26 

222.15 

224.15 

224.66 

26.000 

222.27 

225.38 

225.02 

223.24 

223.17 

224.15 

226.85 

28.000 

228.39 

229.73 

229.57 

226.21 

225.35 

224.15 

229.04 

30.000 

233.93 

234.08 

234.13 

229.54 

227.53 

227.61 

231.23 

32.000 

239.46 

238.43 

238.68 

234.49 

231.97 

231.97 

233.41 

34.000 

244.98 

242.77 

243  05 

239.44 

236.53 

234.76 

236.16 

36.000 

250.51 

247.24 

247.39 

244.54, 

,  241.59 

238.33 

241.12 

38.000 

256.03 

252.77 

251.73 

250.47 

247.33 

241.89 

246.08 

40.000 

261.54 

258.28 

256.G7 

256.40 

,  253.07 

248.03 

■251.03 

42.000 

267.06 

263.80 

260.41 

261.09 

258.80 

254.36 

255.98 

44.000 

269.72 

268.24 

262.77 

265.04 

264.53 

260.69 

260.93 

46.000 

271.69 

270.21 

266.92 

268.08 

269.24 

267.02 

265,87 

48.000 

272.15 

272.15 

269.15 

271.65 

272.20 

273.34 

270.15 

50.000 

272.15 

272.15 

269, 15 

271.65 

274.15 

274.15 

270.15 

52.000 

.  269.27 

269.52 

267.98 

269.06 

274.15 

274.15 

270.15 

54.000 

265.35 

265.99 

263.46 

264  34 

270.80 

272.01 

270.15 

56.000 

261.42 

261.78 

258.95  ' 

259.62 

264.90 

265.71 

58.000 

256  93 

254.72 

253.74 

254.31 

759.00 

259.41 

60.000 

249.49 

247.67 

,248.25 

249.01 

253.10 

253. 1 1 

62.000 

242  05 

240.62 

242.76 

243.71 

247.2: 

246.82 

64.000 

234.62 

233.58 

237.28 

238.42 

241.31 

240.53 

66.000 

22/. 20 

226.54 

231.80 

233.13 

236.24 

'234.24 

68.000 

219.76 

219.51 

226.20 

229.09 

232.12 

230.47 

70.000 

211.95 

212.48 

220.53 

225.53 

228.01 

226.75 

72.000 

204,15 

205.86 

214.87 

221.26 

223.90 

223.02 

74.000  ■ 

196.35 

199.62 

209.21 

217.35 

219.79 

219.30 

76.000 

188.55 

193.39 

203.55 

.  213.44 

215.33 

215.58 

78.  (XX) 

190.73 

193.15 

200.17 

209.54 

210.25 

209.96 

80  000 

193.45 

193.15 

199.20 

205  63 

205.17 

204.09 

82.0(;0 

196.40 

195.44 

198.22 

201.11 

200.09 

198.23 

84.000 

199.70 

197.97 

197.25 

196.13 

195.02 

192.37 

86.000 

203  00 

200.49 

196.28 

191.27 

189.95 

186.51 

88.000 

206. 30 

203.02 

195.31 

189.65 

184.88 

180.66 

90.000 

209.60 

205.54 

194. 34 

189.65 

179.81 

176.15 
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Table  l4-2c.  Reference  Atmosphere  Temp  (K>— July 


Alt  (km) 

0” 

15“N 

30'“N 

45“N 

60°N 

75'’N 

90°N 

0.(X)0 

298.65 

799.65 

301.15 

294.15 

287.15 

275.65 

273.15 

2.0(X) 

287,68 

288.87 

288.16 

285.15 

276.34 

2''3.62 

271.12 

4.000 

276.72 

278.11 

277.19 

273.16 

265.53 

260.60 

260.09 

6.000 

265.77 

267.35 

266.22 

261.18 

253.13 

247.59 

246.88 

8.000 

254.82 

255.38 

252.29 

248:21 

239. 14 

234.59 

233.67 

10.000 

238.99 

238.46 

238.35 

235.23 

225,17 

228.55 

228.76 

12.000 

223.08 

223.55 

224.42 

222.29 

225.15 

229.35 

231.15 

14.000 

207.19 

207.65 

210.49 

215.65 

225.15 

230.15 

231.15 

16.000 

198.59 

200,30 

203.15 

215.65 

'  225.15 

230.15 

231.15 

18.000 

201.05 

202.87 

207.38 

216.78 

225.15 

230.15 

231.15 

207.99 

208.82 

211.75 

219.17 

225.15 

230.15, 

231,15 

214.92 

214.76 

216.11 

221.55 

225.15 

230.15 

231.15 

24.000 

219.97 

220.71 

220.47 

223.75 

227.03 

230.15 

231.15 

26.000 

224,13 

224.81 

224.83 

225.93 

231.00 

222.62 

233.48 

28.000 

228.28 

228.77 

229.19 

229.16 

234.97 

237.79 

236.67 

30.000 

232.43 

232.72 

233.55 

233.72 

239.18 

242.95 

239.84 

32.000 

236.58 

236.68 

237.90 

238.28 

244.33 

248.12 

243  02 

34.000 

2'<0.72 

240.63 

237.90 

238.28 

244.33 

248.12 

249.82 

36.000 

244.87 

244.57 

246.59 

247.38 

254.64 

258.64 

256.76 

38.000 

249.01 

248.59 

251.45 

251.93 

259.78 

263.29 

263.70 

40.000 

253,14 

252.78 

256.38 

256.47 

264.83 

268.24 

270  63 

42.000 

257.28 

256.86 

261.31 

261.01 

270.07 

273  19 

275.90 

44.000 

261.84 

260.99 

264.44 

265.55 

275.20 

278.14 

278.86 

46.000 

266.76 

265.13 

267.19 

270.09 

278.13 

283.08 

281.83 

48.000 

2o9.l5 

268.15 

269.15 

273.15 

279.15 

283.65 

283.65 

50.000 

269.15 

268.15 

269.15 

273.15 

279.15 

283.65 

283.65 

52.000 

266.56 

266.71 

267.34 

272.91 

277.60 

283.65 

283.65 

54  000 

263.03 

263.77 

264.98 

267.01 

272.87 

283.23 

283.65 

56.000 

258.78 

258.71 

261.50 

260.61 

268,15 

278.30 

58.000 

251.33 

25’.. 07 

254,04 

253.73 

263.43 

2'’3.38 

60.000 

243.89  : 

243.43 

246.59 

246.86 

258.71 

268.46 

62.000 

2.36.45 

235.80 

239.14 

239.99 

252,79 

263.41 

64.000 

229,02 

228.17 

231.70 

233.13 

243.17 

252.01 

66.000 

221.57 

220.54 

224.27 

226.27 

233.56 

240.62 

68.000 

213.76 

212.92 

216.83 

219.41 

223,95 

229.23 

70.000 

205.95 

205.31 

209.41 

212.56 

214.34 

217,86 

72.000 

198,15 

201.81 

204.50 

205.72 

204.75 

206.49 

74.000 

192.59 

199,47 

201.58 

198.88 

195.16 

195.12 

76.000 

194.54 

197.65 

198,65 

192  70 

185  57 

183.76 

78.000 

196.49 

197.65 

195  72 

188.01 

175.99 

172.41 

80.000 

198.44 

197.65 

192.80 

183.33 

166.42 

161.07 

82.000 

199.65 

197.65 

189.88 

178.65 

157.09 

149.73 

84,000 

199,65 

197.65 

186.96 

173.97 

155.13 

147.01 

86.000 

197.85 

193.52 

184.04 

169,30 

153.18 

146.23 

88.000 

192.22 

188.66 

181.13 

164,63 

151.23 

145.45 , 

90.000 

186.59 

183.81 

178.22 

164.15 

149.29 

144.67 
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Table  14'2i'.  Reference  Atmosphere  Temp  (K) — October 


299.15 

288.3,8 

277.62 


298.15 

288.57 

277.81 


6.000 

265.69 

266.66 

261.74 

251.18 

8.000 

252.55 

254.56 

247.79 

239.21 

10.000 

239.43 

239.44 

233.85 

227.24 

12.000 

223.58 

224.33 

219.92 

215.28 

14.000 

207.69 

209.23 

211.85 

■  215.15 

16.000 

196.77 

197.92 

203.89 

215.15 

18.000 

199.19 

200.82 

203.65 

215.15 

20.000 

206.33 

207.76 

205.96 

215.15 

22.000 

213.09 

214.70 

210.92 

217.07 

24.000 

218.24 

219.59 

215.88 

219.06 

26.000 

223.39 

224.35 

219.52 

221.04 

28.000 

228.53 

229.09 

223.09 

223.02 

30.000 

233.67 

223.84 

226.66 

225.00 

32.000 

238.78 

238.. 58 

230.22 

227.91 

34.000 

243.72 

243.32 

233.78 

232.07 

36  OOO 

248.65 

,  248..30 

237..34 

236.22 

38.000 

253.58 

253.43 

241.77 

240.37 

40.000 

258.50 

258..55 

246.70 

244.52 

42.000 

263.32 

263.67 

251.63 

249.68 

44. (XX) 

266.47 

266.72 

256.56 

256.59 

4f..0(X) 

269.62 

269.28 

261.49 

261.82 

48.000 

271,15 

271.15 

266.25 

266.75 

50.000 

271.15 

271.15 

267.65 

267.65 

52.000 

267.84 

267.07 

267.65 

266.08 

54,000 

263.33 

261.. 57 

263.43 

260.77 

56.000 

258:60 

2.55.93 

257,93 

255.47 

58.0(X) 

252.92 

249.66 

252,52 

249.72 

60.0(X) 

247,24 

243,. 39 

247,42 

243.83 

62.000 

240.21 

2.36. 37 

242.32 

237.94 

64.000 

232.39 

228.94 

232.13 

233.42 

66.  (XX) 

224.57 

221. 51 

227.04 

229.50 

68. (XX) 

216.76 

214.08 

221,96 

225.59 

70.(X)0 

208.95 

206.66 

216,88 

221.67 

72.000 

201.15 

201.09 

211.80, 

217.76 

74.000 

195.15 

197  19 

206  72 

213.85 

76.000 

195.15 

195.15 

201,65 

209.94 

78.000 

195.15 

195,15 

200.67 

206.04 

80.000 

195.15 

195.15 

199.70 

202.15 

R2.0()0 

195.15 

195  15 

199.65 

202.15 

84  000 

195.15 

195.15 

199.65 

202.15 

86.  (XX) 

195.15 

195.15 

199.65 

202.  i  5 

88. (XX) 

195.15 

195.15 

199.65 

202.15 

90  0(X) 

195  15 

195.15 

199,65 

202.15 

275.15 

267.14 

259.13 

246.13 

233.14 

220.16 

220.15 

220.15 

220.15 

219.86 

218.67 

217.47 
218.30 

219.89 

221.48 

223.06 

224.65 

227.87 

231.83 

235.79 

339.75 

244.59 

249.53 

254.47 

259.40 

260.15 

260.15 

257.14 
251.82 
246.51 

241.20 

235.90 

232.20 
230.24 
228.28 

226.32 

224.36 

222.40 
,  218.75 

214.84 

210.93 

207.03 

204.15 

204.15 

204.15 

204.15 


262.65 
259.44 

248.85 

235.84 

222.84 

219.65 

219.65 

219.65 

219.65 

217.66 

215.66 

213.67 

211.68 

211.79 

214.17 

216.56 

218.94 

221.32 

225.02 

230.37 

235.71 
241.06 

246.40 
251.73 
257.06 

262.39 

263.15 

263.15 
259.05 

251.96 

244.88 

237.80 

230.72 

227.15 

227.15 

227.15 

227.15 
225.52 
221.60 

217.69 

213.77 

209.87 

205.96 

205.15 

205.15 

205.15 


252.6.3 

254.37 

243.35 

232.34 

221.34 

220.16 

222.14 

220.14 

218.14 

216.15 

214.16 

212.16 

210.17 

210.15 

210.15 

210.15 

210.15 
213.99 

217.96 
221.93 

225.89 

231.71 

237.65 

243.58 

249.51 

253.15 

253.15 

253.15 
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Table  14-2e.  Reference  Atmosphere  Density  (Ig/m') — January 


Alt  (km) 


40.000 
42.000 
44.000 
46. 

48. 


60.^ 

62. 

Mj 
66,1 
68.000 


1.1761 

9.6636 

7.88.39 

6,38.34 

5.1518 

4.1779 

3.3404 

2.6276 

1.9873 

1.4185 

0.9761 
6.7966 
4.7853 
3.4046 
2,4462  , 


1 

9 
7 
6 

5.2127 

4.1820 

3.3114 

2.5835 

1.9567 

1.41.58 

9.6547 

6.6802 

4.7721 

3.4.372 

2.4921 


5.2712 

4.172’ 

3.2591 

2.4310 

1.7992 

l.:073 

9.1885 
6.5057 
4.6425 
3. .341 1 
2.4296 


1.30 
1.03 
8  27 
6.60 

5.2114  5.2286  5.1417 

4.0631  3.8811  3.8185 

2.9928  2.8353  2.7984 

3.2009  2.0717  2.0452 

1.6165  1.5172  1.4905 

1.1859  1.1126  1.08.52 

8.6716  8.1486  7.?497 

6.3254  5.9605  5.65,0 

4.6I4S  4.3545  4-0226 

3.3675  3.1592  2.8697 

2.4375  ■  2.2814  2.0517 


1.7766 

1.8183 

1.7760 

1.7546 

1.6522 

1.4615 

1.3103 

1 .3348 

1.3015 

,  12715, 

1.2000 

1.0400 

0,9715 

0.9857 

0.9582 

0.9272 

0.8740 

0.7448 

7.2401 

7.2933 

7.0967 

6.7763 

6.379! 

5.3685 

5.. 3993 

5.4221 

5.2832 

4.9797 

4.6657 

3.8925 

4.0487 

4.0598 

3.9559 

3.6876 

3.4235 

2.8388 

3.0546 

3.0605 

2.9787 

2.7508 

2.4799 

2.0819 

2.3182 

2.3.396 

2.2549 

2.0662 

1.8100 

1.5352 

1 .7692 

1.7981 

1.7174 

1.5752 

1.3411 

1.1579 

1.3760 

1..3906 

1.3334 

1.2119 

1.0088 

0.8477 

1 .0753 

1.0856 

1.0354 

0.9399 

0.7615 

0.6347 

8.4906 

8.5422 

8.1503 

7.3740 

5.8134 

4.7744 

6.7090 

6.7568 

6.4162 

5.8169 

4.4471 

3.6259 

5.2860 

5.3239 

5.0251 

4,5435 

3.4051 

2.7964 

4,1600 

4,1913 

3.9109 

3.5198 

2.6086 

2.1707 

3.2586 

3!  28.37 

3.0303 

2.7172 

1.9082 

1.6796 

2,.5402 

2.5.592 

2.3371 

2.0900 

1.5522 

1.2952 

1 .9702 

1.98.35 

1 .7939 

1.6016 

1.2002 

0.9954 

1.5200 

1.5285 

1.370 1 

1.2227 

0.9162 

0.7587 

1.1663 

1.1730 

1.0410 

0,9297 

0,6920 

0.5695 

8.8979 

8.94.30 

7.8672 

7.0413 

5.2271 

0.4284 

6.8278 

6.7570 

5.8499 

5.2477 

3.9583 

0,3275 

5.2406 

'  5.0487 

4.2'  0 

3.9033 

3.0319 

2.5119 

3.9678 

3.7483 

3  1  ..o9 

2.9.301 

2.3122 

1.9182 

2.8323 

2.7644 

2.3840 

2.2067 

1.7555 

1 .4583 

2.0164 

2,0059 

1.7683 

1 .6538 

1.3267 

1.1037 

1.4.358 

1 .434.3 

1.3053 

■1.2290 

0.9979 

0.8313 

1.0226 

1.0258 

0.9587 

0.9069 

7.4677 

0,6231 

7.32/9 

7.3:99 

7.0051 

6.6705 

5.4751 

4.6052 

5.2827 

5.. 3488 

5.0910 

4.8902 

4,0150 

3.3735 

3.7900 

3.8.549 

3.6793 

3.5731 

2.9448 

2.4717 

%,0p0 


*Po\ker  ot  10  ^^hik'h  preceding  numK’rs  shouid  be  millliplicd 


5.0740 

3.7553 
2.7457 
2.0020 
1 .4674 
1.0692 

7.7432 

5.47,86 

3.8768 

,2.7438 

1.9256 

1,3392 

9.3378 

0.6584 

4.6932 

3.3786 

2.4805 

1.831b 

1.3580 

1.0113 

0.758? 

0.5700 

0.4338 

3.3209 
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Table  i4-2f  Reference  Alnwsphere  Density  (kg/m') — April 


Alt  (km) 

0° 

15’N 

30°N 

45=N 

60°N 

75'’N 

90‘’N 

1.1716 

1.1857 

1.2113 

1.2678 

1.3116 

1.3884 

1.4297 

9.6565 

9.7223 

9.8903 

1.0117 

'.0375 

1.0635 

!  .0745 

7.8092 

7.9159 

8.0172 

8.1340 

8.1648 

8.4225 

8.4831 

6.4096 

6.4388 

6.4947 

6.J6I5 

6.5709 

.6.6274 

6.6313 

5.1728 

5.2202 

5.2446 

5.2336 

5.2213 

5.1557 

5.1285 

4.1737 

4.1823 

4.1832 

..1224 

3.9711 

3.7924 

3.7669 

3.3219 

3.3066 

3.2908 

3.1158 

2.9216 

2.7756 

2.7470 

2.6032 

2,5754 

2.4578 

2,2808 

2  1499 

2.0475 

2.0262 

16.000 

1.9726 

1.9299 

1.8223 

1.6700 

1.5823 

1.5106 

1.4947 

18.000 

1.4115 

1.3954 

1.3288 

1.2229 

1.1648 

1.1147 

1.1029 

20.00C 

0.9725 

9  5265 

9.3798 

8.9578 

8.5768 

8.2281 

8.1399 

22.000 

6.7816 

6.''002 

6.6703 

6.5625 

6.3162 

6.0742 

6.0084 

24.000 

4.7828 

4.6845 

4.7883 

4.7676 

4.6523 

4.4850 

4.4260 

26.000 

3.4092 

3..3930 

3.4617 

3.4649 

,3.4129 

3.3122 

3.2438 

28.000 

■  2.4J85 

2,4733 

2.5195 

2.5294 

2.4976 

2.4465 

2.3849 

30.000 

1.7923 

1.8140 

1.8456 

1.8516 

1.8336 

1.7839 

1.7589 

32.000 

1.3165 

1;3383 

1.3603 

1.3540 

1.3391 

1.3068 

1.3011 

34.000 

0.9741 

0.9929 

1.0092 

0.9968 

0.9836 

0.9621 

0  9631 

36.000 

7.2575 

7.4043 

7.5300 

7.3817 

7.2550 

7.1172 

7.1019 

38.000 

5.4428 

5  5315 

5.6476 

5.4858 

5.3740 

5.2896 

5.2700 

40.000 

4.1C77 

4.1592 

4.2575 

4.10.59 

4.0089 

3.9134 

3.9347 

42.000 

3.1189 

3.1468 

3.2253 

3. 1075 

3.0108 

2.9155 

2.9550 

44.000 

2.4044 

2.4043 

2.4632 

2.3692 

2.2758 

2.1882  , 

2.2319 

46.000 

1.8624 

1.8595 

1.8890 

1.8139 

1.7371 

1 .6540 

1.6949 

48.000 

1.452,' 

1.4412 

1.4582 

1.4007 

1.7371 

1.6540 

1.6949 

50.000 

1.1352 

1.12&2 

1.1360 

1.0933 

1 .0396 

0.9812 

1.010^ 

52.000 

8.9597 

8.8794 

8.8895 

8.6128 

8,1322 

7.6739 

0.7872 

54.000  , 

7  0759 

7.0044 

7.0239 

6,8140 

6.4353 

6.0473 

6.1347 

56.000 

5.5694 

5.5228 

5.5281 

5.3c90 

5,1181 

4.8196 

58.000 

'.:73l 

4.:794 

4,3441 

4.2210 

,  4  0501 

3.8208 

60  000 

J  '519 

3.4507 

3.4001 

3.3023 

3.1882 

3.0122 

62.000 

2.7184 

2.7007 

2.6471 

2.5703 

2.4960 

2.3609 

64.000 

2.1189 

2,0987 

2.' '495 

1.9.898 

!  .9429 

1.8391 

66.000 

1.6387 

1  6186 

1.5.7'. 

1.5319 

1 .49*:  i 

1.4234 

63.000 

!  .2568 

1,2384 

1.2075 

1.1670 

1.1456 

1 .0840 

70.000 

9.5682 

9.3944 

9.18:4 

8.8452 

8,7179 

0.8218 

'72.000 

7.2109 

7.0488 

6.9386 

6.6727 

6.6024 

0.6203 

74.000 

5.3759 

5.2331 

5.2032 

5.0094 

.  4.9755 

4.6613 

.76.000 

3.9611 

3.8493 

3.8718 

3.7419 

3.7359 

3.4859 

78.000 

2.7561 

2.7309 

2,8279 

2,7806 

2.7954 

2.6145 

80.000 

1.9224 

1.9.355 

2.0362 

2  0551 

2.0773 

1.9477 

82.000 

1.3465 

1.3584 

1.4640 

1.5152 

1;5325 

1.4389 

84.000 

0.9471 

0.9568 

1.0512 

1.1105 

1.1220 

1.0535 

86.000 

6.7014 

6.7706 

7.5368 

8.0774 

8.1494 

,  7.6418 

88.000 

4.7692 

4,8129 

,5.3958 

5.7400 

5.8691 

5.4874 

90.000 

3.4132 

3.4364 

3.8574 

,  4.0433 

4.1894 

3.8701 

•Power  of  10  by  which  preceding  numbers  should  fe  multiplied. 
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STANDARD  AND  REFERENCE  ATMOSPHERES 


Tibk  U-2«  Refeicnce  Atmiwphcre  Dcnsily  (kg/m')— Iul> 


Alt  (km) , 

0° 

1.5°N 

30°N 

45'’N 

60“N 

75°N 

90°N 

00()0 

1.1797 

1.1751 

1.1717 

1.2003 

1.2252 

1.2778 

1.2919 

+  0" 

2.000 

9.7077 

9.6694 

9.7103 

0.9780 

0.9987 

1.0032 

1.0120 

4  000 

7.9287 

7.8986 

7.9314 

7.9946 

8.0757 

8.1533 

8.1528 

-1 

6.000 

6.4239 

6.4017 

6.4266 

6.4769 

6.5120 

6.556C 

6.5576 

8.000 

5.1594 

5.1685 

5.2140 

5.2145 

5.2231 

5.2120 

5.2124 

10.000 

4.1775 

4.1875 

4.1827 

4.1502 

4.1345 

3.9747 

3.9519 

12.000 

33.^52 

3.. 3444 

3.3109 

3.2612 

3.0546 

2.9399 

2.9076 

14.000 

2.6191 

2.6275 

2.5823 

2.4580 

2.2570 

2.1773 

2.1645 

16.000 

1 .9556 

1.9493 

1.9214 

1.7932 

1.6679 

1.6192 

1.6116 

18  000 

1.3723 

1.3730 

1.3521 

1.3021 

1.2329 

1.2043 

1.2001 

20.000 

0.9525 

9.5976 

9.5807 

9.4313 

9. 1 149 

8.0601 

8.9390 

-2 

22.000 

6.6925 

6.7780 

6.8380 

6.8564 

6.7399 

6.6671 

6.6592 

24  000 

4.7926 

4.83.34 

4.9144 

5.0062 

4.9463 

4.9618 

4.9518 

26  000 

3.4691 

3.5029 

3.55.56 

3.6673 

3.6143 

3.6569 

3.6647 

28  000 

2.5265 

2. .5552 

2.5891 

2.6835 

2.6556 

2.6803 

2.7081 

1.8509 

1.8743 

1.8969 

l.%38 

1.9598 

1.9781 

2.0097 

1.36,37 

1.3823 

1..3981 

1.4460 

1.4495 

1.4694 

1.4975 

1.0103 

1.0248 

1.0363 

1.0712 

1.0791 

1.0985 

1.1062 

36.000 

7:5248 

7.6.366 

7.7248 

7.9815 

8.0839 

8.2646 

8.2372 

-3 

38.000 

5  6332 

5.7168 

5.7779 

5.9797 

5.0918 

6.2554 

6.1828 

mmm 

4  2381 

4.2784 

4.3456 

4.5040 

4.6169 

4.7601 

4.6763 

42  000 

3.2037 

3.2475 

3.2867 

3.4100 

3.5184 

3.6410 

3.5820 

44  000 

2.4293 

2.46.50 

2.5144 

2.5946 

2.6955 

2.7989 

2.7782 

46  000 

1.8493 

1.8795 

1.9321 

1 .9836 

2.0908 

2.1619 

2.1604 

48  000 

1 .4275 

1.4450 

1.4931 

1.5315 

1.6358 

1.7(X»7 

1.6911 

1.1125 

1.12.50 

1.1632 

1.1971 

1.2850 

1.3408 

1.3332 

52.000 

8  7481 

8.8047 

9,1197 

9.3670 

1.0150 

1.0572 

1.0511 

-4 

6.8831 

6.9145 

7.1504 

7,4642 

8.0867 

8.2501 

8.2891 

56  000 

5.41.37 

5.4579 

5.6185 

5.9204 

6.4179 

6.6864 

4  2874 

4.3247 

4,4591 

4.6911 

5.0734 

5.3337 

' 

60  000 

3.3722 

3.4028 

3.5152 

3.6881 

3.9941 

4.2378 

62  000 

2.6.3.31 

2  6574 

2.7514 

2.8804 

3.14.54 

3.3550 

64  (X)0 

1  0402 

2.0588 

2.1.373 

2.2339 

2.4948 

2.7023 

1 

66.000 

1.5679 

1.5815 

1.6469 

1.7196 

1.9607 

2.1552 

68.000 

1.1%' 

1 .2038 

1.2581 

1.3134 

1 .52.56 

1.7003 

, 

-5 

70  000 

9.0.3.50 

9.0750 

9.5234 

9.9476 

1.1742 

1.3256 

72.000 

.  6  7522 

6  6490 

7.0.578 

7.4673 

8.9324 

1.0199 

74.000 

4  9325 

4  8263 

5,1557 

5.5522 

6.7071 

7.7331 

' 

76  000 

3  462.3 

3.4821 

3.7497 

4.0732 

4.9649 

5.7676 

7K.000 

2.4.394 

2  4867 

2,7148 

2.9407 

3.6178 

4.2228 

80  000 

1.7251 

1,7763 

1 ,9564 

2.1061 

2,5905 

3.0274 

82  000 

1.2285 

1,2690 

1.4031 

1.4957 

1.8162 

2.1187 

84  000 

0  8809 

0  9068 

1.0013 

1.0528 

1.1999 

1..1730 

-6 

86  000 

6  3733 

o.  6(8)2 

7.tirX) 

7.. 3426 

7.8878 

8. '’593 

‘  m) 

4.6691 

4.7844 

5  0219 

5.070.3 

5.1588 

5.576C 

000  j 

3  38‘>S 

3.4399 

.3.. 5279 

3.. 3925 

.3,3563 

3.5420 

Why 
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CHAPTER  14 


Tabic  I4*2h  Reference  Atmosphere  Density  (kg/m') — October 


Alt  (km) 

0° 

15'N 

SO'N 

45‘’N 

60°N 

75°N 

90'’N 

1.1769 

1.1816 

1.2063 

1.2474 

1.2795 

1.3385 

1.3981 

9.6821 

9.6775 

9.8598 

1.0122 

1.0240 

1.0425 

1.0617 

7.9068 

7.9044 

8.0015 

8.1810 

8.1419 

8.3111 

8.4294 

6.4329 

6.4133 

6.4897 

6.5738 

6.5407 

6.6134 

6.6221 

8.000 

5.2053 

5.1764 

5.2471 

5.2270 

5.1931 

5.1955 

5.1425 

10.000 

4.1652 

4.1790 

4.1912 

4.1081 

4.0696 

3.8648 

3.7877 

12.000 

3.3261 

3.3274 

3.3023 

3.1874 

2.9860 

2.8327 

2.7569 

14.000 

2.6135 

2.6080 

2.5021 

2.3246 

2.1912 

2.0766 

2.0434 

16.000 

1.9701 

1.9722 

1.8579 

1.6946 

1.6082 

1.5226 

1.5107 

18.000 

1.3779 

1.3810 

1.3313 

1.2356 

1.1821 

1.1252 

1.1140 

20.000 

0;9524 

9.5802 

9.3893 

9.0114 

8.7162 

8.2945 

8.1936 

22.000 

6.6793 

6.7278 

6.6771 

6.5238 

6.4173 

6.0980 

6.0101 

24.000 

4.7657 

4.8169 

4.8106 

4.7364 

4.6790 

4.4711 

4.3964 

26.000 

3.4279 

3.4765 

3.4862 

3.4493 

3.4076 

3.2395 

3.1819 

28.000 

2.4848 

2.5268 

2.5398 

2.5196 

2.4879 

2.3289 

2.3031 

30.000 

1.8144 

1.8489 

1.8599 

1.8460 

1.8208 

1.6807 

1.6673 

32.000 

1.3343 

1.3617 

1.3687 

1.3512 

1.3358 

1.2175 

1.1889 

34.000 

0.9885 

1.0091 

1.0122 

0.9890 

0.9760 

0.8852 

0.8528 

36.000 

7.3687  ' 

7.5165 

7.4956 

7.2803 

7.1469 

6.4248 

6.1550 

38.000 

5.5256 

5.6298 

5.5731 

5.3888 

5.2620 

4.6616 

4.4688 

40.000 

.  4.1672 

4.2419 

4.1689 

4.0101 

3.8948 

3.4080 

3.2409 

3.1613 

3.2145 

3.1366 

2.9879 

2.8883 

2.5095 

2.3687 

2.4237 

2.4664 

2.3732 

2.2277 

2.1543 

1.8607 

1.7450 

!.8643 

1.9011 

1.8063 

1.6837 

1.6164 

1.3888 

1.2952 

1.4467 

1.4728 

1,3971 

1.2809 

1.2197 

1.0431 

0.9767 

1.1295 

1.1498 

1.0869 

0.9928 

0.9386 

0.7882 

0.7482 

52.000 

8.9199 

9.1029 

8.5800 

7.7661 

7.2462 

6.0836 

0.5732 

54.000 

7.0493 

7.2119 

6.7740 

6.1400 

5.6554 

4.7098 

4.3930 

5.5537 

5.6898 

5.3200 

4.8317 

4.4337 

3.7001 

4.3709 

4.4754 

4.1526 

3.7897 

3.4585 

2.9235 

3.4219 

3.4993 

3.2253 

2.9575 

2.6836 

2.2949 

2.6779 

2.7270 

2.4920 

2.2944 

2.0710 

1.7889 

2.0863 

2.1125 

i.9149 

1.7597 

1.5788 

1.3842 

i.6I!8 

1 ,6230 

1.4632 

1.3402 

1.1915 

1.9476 

1.2341 

1.2360 

1.1114 

1.016! 

8  9778 

0.7798 

9.3589 

9.3244 

8.3906 

7.6683 

6.7413 

0.5805 

72.000 

7.0241 

6.9050 

6,2932 

5.7589 

5.0531 

0.4323 

5.1671 

5.0334 

4,6880  . 

4.3034 

3.7788 

3.2416 

3.6738 

3.6236 

3.4675 

3.1991 

2.8382 

2.4457 

2.6127 

2.5767 

2.5022 

2.3654 

2.1236 

1.8363 

1.8585 

1.8326 

1.8032 

1.7391 

1.5808 

1.3719 

1.3222 

1.3036 

1 .2925 

1.2508 

1.1705 

1.0196 

0.9409 

0.9276 

0.9264 

0.8998 

8,5777 

0.7537 

6.6974 

6.6017 

6.6420 

6.4750 

6.1893 

5.4678 

4.7680 

4.6993 

4.7628 

4.6600 

4.4668 

3.9511 

3.3951 

3.3458 

3.4160 

3.3544 

3.2244 

2.8557 

•Power  of  10  by  which  preceding  nunbers  should  be  mulHplicd. 


STANDARD  AND  REFERENCE  ATMOSPHERES 


Tabic  l4-2i.  Reference  Atmosphere  Pressure  (mb) — Janual7 


Alt  (km) 

0° 

15°N 

30°N 

45°N 

60°N 

75°N 

90°N 

1.0100 

1.0126 

1.0191 

1.0166 

1.0144 

1.0147 

1.0150 

+  3* 

8.0106 

8.0179 

8.0160 

7.88.35 

7.7806 

7.729.3 

7.6613 

+  2 

6.3009 

6.3007 

6.2540 

6.0693 

5.9354 

5.8516 

5.7706 

6.000  , 

4.9119 

4.9087 

4.8205 

4.6180 

4.4699 

4..3734 

4.2948 

8.000 

3.7918 

3.7760 

3.6661 

3.4662 

3.3102 

3.2228 

3.1547 

10.000 

2.8842 

2.8621 

2.7470 

2.5629 

2.4192 

2.3472 

2.2922 

12.000 

2  1535 

2.1340 

2.0245 

1 .8785 

1.7673 

1.7041 

1.6602 

14.000 

1.5741 

1.5618 

1.4729 

1.3751 

1.2914 

1.2337 

1.1990 

16.000 

1.1258 

1.1203 

1.0634 

1.0054 

1.9436 

1.8906 

0.8620 

+  1 

18.000 

7.9414 

7.9315 

7.6236 

7.3420 

6.8878 

6.4106 

6.1588, 

20.000 

,5.6424 

5.6442 

5.4791 

5.3555 

5.0213 

4.6004 

4.3714 

22.000 

4.0525 

4.0763 

3.9683 

3.9065 

3.6559 

3.2919 

3.0926 

24.000 

2.9403 

2.9757 

2.8952 

2.8501 

2.6584 

2.3570 

2.1884 

26.000 

2.1538 

2.1863 

2.1271 

2.0797 

1.9314 

1.6913 

1..5488 

28.000 

1.5920 

1.6163 

1.5717 

1.5189 

1.4065 

1.2162 

1 .0869 

30.000 

1.1867 

1.2020 

1.1670 

1.1153 

1.0271 

1.8768 

1.7805 

32.000 

8.9018 

8.9907 

8.7098 

8.2413 

0.7521 

0.6358 

0.5618 

+  0 

34.000 

6.7103 

6.7618 

6.5377 

6.1259 

5.5230 

4.6386 

4.0855 

36.000 

5.0825 

5.1143 

4.9348 

4..5816 

4.0665 

3.4042 

3.0000 

38.000 

3.8695 

3.8943 

3.7456 

■  3.4517 

3.0035 

2.5126 

2.2231 

40.000 

2.9634 

2.9848 

2.8584 

2.6188 

2.2252 

1.8647 

1.6.590 

42.000 

2.2824 

2.3019 

2.1927 

2.0003 

1.6577 

1..3912 

1.24.37 

44.000 

1.7675 

1.7844 

1.6905 

1.5376 

1 .2458 

1.0432 

0.9.366 

46.000 

1.3759 

1.3876 

1.3096 

1.1884 

0.9438 

0.7862 

0.7084 

-1 

48.000 

1.0749 

1.0823 

1.0168 

0.9207 

7.1802 

0.5953 

0.5.380 

50.000 

8.4007 

8.4501 

7.8958 

7. 1403 

5.4799 

0.4529 

0.410.3 

52.000 

6.5594 

6.5948 

6.1234 

5.5334 

4.1911 

3.4610 

3.1400 

54.000 

5.1036 

5.1289 

4.7265 

4.2665 

3.2060 

2.6556 

2.40.37 

56.000 

3.9560 

3.9723 

3.6300 

3.2713 

2.4528 

2.0.394 

58.000 

3.0525 

3.0619 

2.7745 

2.4986 

1.8761 

1..5623 

60.000 

2.. 34.34 

2.3472 

2. 1 105 

1.9012 

1 .4.346 

1.1926 

62.000 

1,7897 

1.7890 

1.5975 

1.4412 

1.0942 

1 .9073 

64.000 

1.359.3 

1..3554 

1.20.30 

1 .0882 

1.8.306 

0.6877 

6f..000 

1 .0265 

1,0204 

0.9011 

0.8184 

0.6276 

0.5195 

~  2 

68.000 

7.7069 

7.6307 

6.7122 

6.1291 

4.7405 

0..3925 

70.000 

5.7500 

5.6623 

4.9711 

4.5704 

3.5808 

2.9720 

72.000 

4.2580 

4.1680 

.3.66.32 

3, 3991 

2.7051 

2.2512 

74.000 

3.1098 

.3.0464 

2.698.3 

2.528.3 

2.0379 

1.6982 

76,000 

2.2347 

2.2114 

1.9867 

1 .8794 

l,.‘3282 

1.2753 

78.000 

1.5906 

1.59.38 

1  4.565 

1.3907 

1.1406 

0.9531 

80.000 

1  1.324 

1.1409 

1.0626 

1 .0237 

0.8471 

0.7089 

-  3 

82.000 

8.0642 

8.1586 

7.7126 

7.4973 

6.2598 

5.2469 

84.000 

5.74.36 

5.8351 

5..56S2 

5.4712 

4.601.3 

.3.8628 

' 

86  000 

4.0905 

4.1728 

.3.9981 

3.9795 

.3.37.35 

2.8,309 

88.000 

2.9008 

2.9707 

2.8545 

2.8846 

2.4738 

2,0738 

9tl.000 

2.045.3 

2,1023 

2.0260 

2.08.37 

1.8144 

1  5194 

•Power  of  10  h\  which  precedme  numbers  should  he  mulliplied 
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Tabic  l4-2j.  Reference  Atmo>phcre  Pressure  (mb) — April 


Alt  (km) 

0° 

15°N 

30°N 

45°N 

60°N 

75°N 

‘X)°N 

0.000 

1.0095 

1.0114 

1.01.59 

1.0159 

1.01.14 

1.0169 

1.0205 

+  3* 

2.000 

8.0104 

8.0090 

8.0108 

7.9327 

7.8374 

7.7818 

7.7772 ' 

+  2 

4.000 

6.2997 

6.2899 

6.2640 

6.1568 

6.0265 

5.9201 

5,8956 

6.000 

4.9065 

4.8940 

4.8518' 

4.7216 

4.5860 

4.4489 

4.4181 

8.000 

3.7810 

.1.7.589 

3.7079 

3.5712 

3.4.144 

3.2982 

3.2696 

1 

10.000 

2.8720 

2.8444 

2.7901 

2.6596 

2.5323 

2.4228 

2.3996 

12.000 

2.1437 

2.1167 

2.0633 

1.9511 

1.86.11 

1 .7859 

1 .7675 

14.000 

1 ,5686 

1.5457 

1.5060 

1.428.1 

1.3709 

1.3174 

1.3037 

16.000  ' 

1.1243 

1.1081 

,1.0917 

1.0457 

1.0090 

0.9720 

0.9617 

+ 1 

18.000 

7.9466 

7.857.1 

7.86.13 

7.6583 

7.4282 

'7.1729 

7.0967 

20.000 

5.6.576 

5.6017 

5.6791 

5.6094 

5.4693 

5.2942 

5.2374 

22.000 

4.0725 

4.0537 

4.13.16 

4.1095 

4.0277 

.1.9083 

3.8660 

24.000 

2.9619 

2.9721 

3.0.103 

.1,0144 

2.9667 

2.8857 

2.8544 

26.000 

2.1751 

2.1952 

2.2.161 

2.2204 

2.1863 

2.1311 

2.1123 

28.000 

1.6118 

1.6311 

1.6604 

1.6425 

1.6156 

1.5741 

1 .5680 

30.000 

1.20.1.5 

1.2189 

1.2404 

1.2200 

1.197^ 

1.1656 

1.1674 

32.000 

9.0499 

9.1598 

9.3203 

9.1144 

0.8917 

0.8672 

0.8718 

+  0 

34.000 

6.8.505 

6.9201 

7.0416 

6.8516 

6.6787 

6.4835 

6.5297 

36,000 

5  2189 

5.25.50 

5;  3475 

5.1817 

5.0313 

4.8691 

4.91.56 

.18,000 

4.0001 

4.01.15 

4.0811 

3,9442 

3.8154 

3  6729 

3.7226 

40.000 

3.0840 

3.0837 

3.1296 

3.0220 

2.9122 

2.7863 

2.83.53 

42,000 

2.. 1900 

2.3829 

2.4110 

2.3290 

2.2.167 

2.1288 

2.1714 

44,000 

1.8616 

1.851.1 

1.86.50 

1 .8025 

1.7281 

1.6375 

1.6717 

-  1 

46.000 

1 .4525 

1 .4423 

1 .447.1 

1.4006 

1..1426 

1.2678 

1.29.15 

48.000 

1.1.149 

1.12.59 

i.l266 

1.0922 

1.0466 

0.9876 

1.0058 

50000 

8.8690 

8.7980 

8.777.1 

8.5260 

8.1813 

0.7722 

0.783.5 

.52.  (XK) 

6.92.54 

6.8698 

6.8.183 

6  6521 

6. 1997 

6.0390 

6,1049 

54.000 

5.3897 

5.. 148  2 

5.3121 

5.1704 

5.0026 

4.7219 

4.7.573 

56.(K)0 

4.1795 

4.1.501 

4.1092 

4.0012 

.1.8918 

3.6761 

58.000 

3.2290 

.1.2022 

.1.1641 

3.0814 

3.0111 

2.8452 

60000 

2.4:’'<3 

2.45,1.1 

2.4229 

2. 1604 

2.3164 

2.1886 

62.  (XX) 

1.8888 

1.86.54 

1.8447 

1.7981 

1,7712 

1.6727 

64,000 

1.4271 

1.4072 

1. 19.59 

1..1618 

1.1459 

1.2698 

66  000 

1.0687 

1 .0526 

1 .0497 

1 ,0252 

1.0161 

0.9.571 

-  2 

68  (XX) 

7  9288 

7  80,16 

7.8411 

7.6744 

7.6335 

0.7171 

70. (XX) 

5.8214 

.5,71(X) 

5,8149 

5.7172 

5.7060 

5. 1494 

1 
r  i 

4.22.57 

4.16,55 

4  2797 

4  2.181 

4.2435 

3.9715 

74  0(X1 

..I.O.KK) 

2.9988 

1.1248 

.1  r254 

3  1.191 

2.9.143 

76. (XX) 

2  1440 

2.1.169 

2. 262.1 

2  2926 

2. 1092 

2.1.572 

■"S  (XX) 

1.5090 

1  5141 

1  6249 

1  6725 

1.6871 

1.5758 

SO.tXX) 

1067.5 

10711 

1  164,1 

1  2131 

1.22.14 

1.1411 

Sl.lXX)  , 

7  .5916 

7.6212 

7.1,108 

8  7433 

8  8026 

8.1878 

-  .1 

84  (KX) 

.5  429t 

5.4.17.1 

5  9522 

6  2526 

6.2813 

5.8179 

86  (XK) 

.V'KI.5| 

.1  8967 

4  2465 

4  4348 

4  4435 

4.(WI4 

88  (XXI 

2  824 1 

2.8048 

1  0251 

3  1248 

3  1148 

2.8457 

Mt)  (XX) 

2  0.5  .<6 

2027.5 

2  (5(9 

2. 201 1 

2  1624 

1 .9569 

*PiHX(,T  .»{  !»!  h\ 

w  fitv  *1  pK\  cdnV;: 

fluniNi’-  'h.*ukl  K- 

MMi'nphci! 
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STANDARD  AND  REFERENCE  ATMOSPHERES 


Tible  14-2k.  Reference  Atmosphere  Pressure  (mb>— July 


Alt  (km) 


10.000 

12.000 

14.000 

16.000 

18.000 

20.000 

22.000 

24.000 

26.000 

28.000 

30.000 

32.000 

34.000 

36.000 

38.0tX) 

40.000 

42.000 

44.000 

46.000 

48.000 

50  000 
52.000 
54.000 
56.000 
58.000 

60.000 

62.000 

64.000 

66.000 

^.000 

70.000 
72.000 
74  000 
76.IX)0 
78  000 

80  000 
82.000 
84  000 
86:000 
88.000 

90  000 


0° 

15'’N 

30°N 

45'’N 

60'’N 

75°N 

90°N 

1.0114 

1.0108 

1.0129 

1.0135 

1.0099 

I.Olll 

1.01.30 

+  3* 

8.0167 

8.0182 

8.0323 

8.0057 

7.9221 

7.8803 

7.8763 

+  2 

6.2981 

6.3057 

6.3110 

6.2688 

6.1556 

6.0994 

6.0870 

4.9007 

4.9130 

4.9112 

4.8560 

4.7319 

4.6602 

4.6473 

3.7740 

3.7889 

3.7768 

3.7154 

3.5855  , 

3.5098 

3.4964 

2.8659 

2.8784 

2.8618 

2.8026 

'2.6724 

2.6077 

2.5951 

2.1358 

2.1462 

2.1329 

2.0810 

1.9742 

1.9355 

1.9293 

1.5577 

1.5662 

1.5603 

1.5215 

1.4587 

1.4384 

1.4362 

1.1148 

1.1208 

1.1204 

l.llOO 

1 .0780 

1.0697 

1.0693 

+ 1 

7.9201 

7.9959 

8.0491 

8.1030 

7.%83 

7.9568 

7.9632 

5.6870 

5.7.531 

5.8235 

5.9336 

5.8909 

5.9195 

5.9312 

4.1290 

4.1786 

4.2420 

4.3606 

4.3560 

4.4046 

4.4185 

3.0263 

3.0622 

3.1103 

3.2154 

3.2235 

3.2780 

3.2922 

2.2319 

2.2606 

2.2948 

2.3784 

2.3966 

2.4419 

2.4562 

1.6556 

1 .6780 

1.70.34 

1.7653 

1.7912 

1.8295 

1.8.398 

1.2349 

1.2521 

1.2717 

1.2175 

1.3455 

1.3795 

1.38.36 

9.2614 

9.. 39 17 

9.5480 

9.8912 

1.0167 

1.0466 

1.0447 

+  0 

6.9815 

7.0790 

7.2069 

7.4672 

7.7286 

7.9867 

7.9335 

5.2893 

5..36I4 

5.4680 

5.6678 

5.9090 

6.1289 

6.0713 

4.0266 

4.0794 

4.1705 

4.3244 

4.5428 

4.7279 

4.6802 

3.0797 

3.118.3 

3.1982 

3.3159 

.3  5111 

3.66.54 

3.6.329 

2.3661 

2.3945 

2.46.54 

2.5549 

2.7277 

2.855.3 

2.8.376 

1.8260 

1.8468 

1.9087 

1.9778 

,  2.1294 

2.2.346 

2.2240  ■ 

-1 

I.4I6I 

1 .4.304 

1.4819 

1.5.379 

1.6693 

1.7.567 

1 .7478 

1.1028 

1.1123 

,  1.15.36 

1.2008 

1.3108 

I..3847 

1..3770 

8.5953 

8.6599 

8.9876 

9.3866 

1.0297 

1.0917 

1.0855 

6.6938 

6.7410 

6.9986 

7. 3.382 

8.0887 

8.6086 

8.5.588 

5.1970 

5.2.3.54 

5.4.389 

5.7211 

6. 3.34 .3 

6.7889 

6.7492 

4.0215 

4  05.3.3 

4.2174 

4.4357 

4.9401 

5..34I7 

3.0932 

.3.1169 

3.2518 

3.4168 

3.8.364 

4.1856 

2. 3609 

2.3778 

2.488.3 

261.35 

2.9661 

.3.26.58 

1.7873 

1.7987 

1.8888 

1.9844 

2.2825 

2.5.368 

1..3412 

1  .3484 

1.42:6 

1.4949 

1.7415 

1  .S’549 

0  9972 

1.0012 

1.0602 

1.1169 

1  .3145 

1.4886 

-  2 

7.. 3 .396 

7. 3582 

7  831.3 

8.2726 

9.8076 

I.II89 

5. .3414 

5, 3484 

5.7247 

6.0699 

7.2253 

8.2902 

.3.8406 

.3.8519 

4  1432 

4  4096 

5.2499 

6.0456 

2.7270 

2.76.36 

2.9833 

3  1697 

2.6448 

.3.042.5 

1.9.335 

1 .97.36 

2.1.382 

2  2531 

2 '6448 

.3.0425 

1  .37.S9 

1.4108 

1  .52.5.3 

1  .5871 

1  8277 

2.0899 

0.9826 

1.0078 

1  0827 

1 . 1083 

1.2375 

1..3997 

-  3 

7.0408 

7.2002 

7.6480 

7.6707 

8  1900 

9.1071 

5  0489 

5,145.3 

5. 3742 

5.2.582 

5  3435 

5.7944 

.3.6196 

3.t>66.3 

3  7.363 

3-5684 

2.2.3% 

2.3281 

2.576.3 

2. .5911 

2  6111 

2. .3961 

2  2.3% 

2  328 1 

1.81.36 

1.81.30 

1  8048 

1  .5985 

1  4383 

1.4709 

CHAFFER  14 


Tabic  14-21  Rcfcrcrcc  AtnH>sphcrc  Ptcnnuix'  (n»bl— October 


Alt  (km) 

0° 

1.8'=N 

30°N 

4S°N 

60'’N 

78'’N 

VO’N 

0.000 

1.0107 

1.0113 

1.0169 

I.0I7S 

1.0106 

1.0092 

1.0140 

2.000 

8.014V 

8.0168 

8.0286 

7.9662 

7.8.828 

,  7.7639 

7.7.827 

4.000 

6.  .70 10  ' 

6.60.76 

6.286.7 

6.1801 

6.0864 

8.9.771 

.8.8884 

6.000 

4.9062 

4.9091 

4.8760 

4.7399 

4.6213 

4.477.7 

4.4166 

8.0(X) 

3.77.77 

3.7826 

3.7323 

3.8891 

3.4788 

3.32.78 

3.2674 

10.000 

2.8627 

2.8723 

2.81.78 

2  6797 

7.8720 

2.4.768 

2.. 79.77 

12.  (XX) 

2.1.747 

2.1427 

2.0847 

1.9697 

1.8870 

1.7860 

1.7880 

14.000 

1.8.381 

l..S{.M 

1.8216 

1  47.86 

1.3847 

1.3097 

1.291.7 

16. (XX) 

1.1128 

1.1208 

1.0974 

1.0466 

.  1.0163 

0.9600 

0,9460 

18. (XX) 

7.8791 

7.9611 

7.r,7l3 

7.6.713 

7.4607 

7.0.708 

,6.9124 

20.000 

.8.6412 

8.71.76 

8.6849 

8. 8684 

8.4712 

8.1.7.80 

8.0370 

22. (XX) 

4.0888 

4  1464 

4.1.778 

4.0681 

4.0062 

3.7403 

3.6603 

24.  (XX) 

2'.9887 

30.764 

.7.0318  ■ 

2.978.7 

2.9.721 

2.7169 

2.6824 

26.(X)0 

2.1982 

2.2.789 

2.2328 

2.1886 

2.1.809 

1.9698 

1,9194 

'28.(XX) 

1.6.7(X) 

1.6617 

1 .6828 

1.613! 

1..8817 

1.4318 

1..7893 

.WIXX) 

1.2170 

1.2411 

1.2291 

1.1923 

1.16.89 

1.0448 

1 .00.88 

.^2  0(X) 

9  14W 

9.3262 

9.18.86 

8  8406 

0.8614 

0.7682 

0.7.703 

.U.OtX) 

6.9188 

7  (M86 

6.8%! 

6..S888 

6  384.7 

8.6244 

.8.. 7.788 

.^6. (XX) 

8.2.89.7 

8.3878 

8  2020 

4.9767 

4.7.862 

4.1800 

3.9211 

.)8.(XX) 

4.0221 

4.09.86 

.7.9467 

3  7183 

3. .8616 

3.0827 

2.8978 

4().(XX) 

.7.092.7 

3  148’ 

3.011.7 

2M47 

2.6804 

2.. 70.89 

2  18.86 

42  (XX) 

2..78‘)6 

2.4.7.' j 

2.3 1(X) 

2  1418 

2.0279 

1,7.768  , 

1.6188 

44  (XX) 

1  8840 

1.8884 

1.781.7 

1  6408 

18431 

1.3:61 

1.2201 

■16  (XX) 

1  4429 

1  4698 

1.7808 

126.84 

1  1807 

1  .(X).7.8 

0.9277 

1.  48  (XX) 

i 

1  1260 

1  1463 

1 .07.74 

0  9808 

9.0823 

0.7697 

0.7097 

!  M)  (XX) 

8  7921 

8.9499 

8  .7810 

7,6277 

7  (X)97 

().. 89.77 

(),.84.’7 

.S2.(XX) 

6  8880 

6  9786 

6.4881 

.8  9319  . 

8.4112 

4. 89.84 

4. 1688 

.S4  rxx) 

8. 7  28  8 

8.4182 

8  ()1.S8 

4.8962 

4  1744 

3,8.876 

3.1923 

.^0  (XX) 

4  1227 

4  18(X) 

3.8.767 

3  .8432 

2  447,7 

2.7.818 

.ss  (XX) 

.7  1734 

3  2073 

2  9497 

2.7166 

2.4473 

2.1148 

60. (XX) 

2  4286 

2  4449 

2.2478 

2  ()71X) 

18881 

1.61,72 

62  (XX) 

1  8468 

1  8.807 

1  6969 

1  .8671 

1  41)24 

1  2211 

M  (XX) 

1  7917 

1  7887 

1  2760 

1  1791 

10.724 

0  9168 

66  (XX> 

1  ()7‘X) 

10720 

0  9876 

0  8829 

1)  7878 

0  6831 

:  68  (XX) 

7  6789 

7  8988 

7  0818 

6  8802 

,7,8798 

0  ,8084 

1  70  (XXI 

8  61  78 

8  8716 

8  22  77 

4  8798 

4  37>>6 

4  7S,‘'6 

'  72  (XXI 

4  0887 

7  9860 

7  8261 

X  7(88) 

7  2744 

'  2  8189 

~4  (XXI 

2  8947 

2  8826 

2  78)9 

2  6417 

2  4)28 

2  1(^)8  8 

'6  (XXI 

2  08.X0  ' 

2  0299 

2  (XI72 

1  9279 

1.7822 

1  88.88 

;  78  (XX) 

1  4676 

1  4474 

1  4414 

1  3'8«) 

1.7096 

1  147“^ 

i  80  (XXI 

1  041  I 

1  0266 

1  0776 

1  (K8)| 

0  97?) 

0  8419 

■  s2.(X)() 

7  4(n| 

7.7()7| 

7  40'’6 

7  2887 

6  97(,  1 

6  1426 

K4  (XX) 

8  2710 

8  IW''' 

5  7(X)6 

,7  2217 

.7  ()26'7 

4  4862 

7  '8  1  7 

7.6981 

7  8(Xi8 

.7,7.772 

.7'6:’0 

.7  21W 

SS  (MH) 

2  6"’(X>  . 

2  6724 

2  7298 

2  7(UO 

2  6r6 

2  3267 

’  (KKJ 

1  >)o|9 

1  8742 

1  9777 

I  9U>7 

1  8897 

1.6817 

'1''  .xi-r  <'f  f  P\ 

’utltipbi*! 

«'» **•  .* 
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STANDARD  AND  REFERENCE  ATMOSPHERES 


up  to  90  km.  The  largest  seasonal  changes  in  mean  monthly 
temperatures  iKcur  north  of  60°  latitude  in  arctic  and  sub¬ 
arctic  regions.  At  altitudes  up  to  60  km.  coldest  temperatures 
occur  in  January  and  warmest  in  July.  Conditions  are  x- 
versed  at  altitudes  between  60  and  90  km  with  coldest  tem¬ 
peratures  Incurring  in  July  and  wannest  in  January. 

Cross  sections  of  the  January  and  July  densities  between 
the  equator  and  north  pole  are  shown  in  Figure  14-1.^.  Den¬ 
sities  at  the  various  altitudes  arc  expressed  as  percentages 
of  the  densities  in  the  U.S.  Standaid  Atmosphere.  The  larg¬ 
est  departures  from  standard  in  January  and  July  densities 
wcur  n<>nh  of  6.S  latitude  near  70  km.  where  mean  January 
densities.  5 1 'a  of  standard,  are  a  third  of  the  July  densities 
which  are  168'''!  of  standard. 

14.2.1.4  Longitudinal  Variations.  In  summer,  longi¬ 
tudinal  variations  in  the  structure  ol  the  atmosphere  arc 
relatively  small  at  all  latitudes  and  at  ail  altitudes  aN>ve  20 
km.  Isothenns  and  contour  lines  on  constant  pressure- height 
charts  in  the  stratosphere  and  mesosphere  parallel  the  lati¬ 
tude  circles,  and  the  assiK'iated  circulation  pattern  is  sym¬ 


metrical  about  the  pole.  During  the  winter  season,  changes 
with  longitude  remain  relatively  small  at  low  latitudes  but 
become  as  important  as  changes  with  latitude  and  season  in 
arctic  and  subarctic  regions.  The  magnitude  of  the  longi¬ 
tudinal  variations  in  arctic  and  subarctic  regions  during  win¬ 
ter  is  illustrated  by  a  set  of  atmospheric  models  depicting 
lanuary  conditions  between  the  surface  and  54  km  at  10°. 
100°.  and  J40°W  for  60°N.  and  10°  and  140°W  for  75^‘i. 
The  mexJels  are  based  on  radiostinde  observations,  rocket- 
sonde  observations,  constant  pressure  maps  between  5  and 
0.4  mb.  hydrostatic  build-up  techniques  from  the  5-  and  10- 
mb  levels,  and  the  thermal  wind  equation.  The  atmospheric 
properties  for  these  January  models  at  60°  and  75°N  are 
given  in  Table  14-3.  Temperature-height  profiles  for  the 
individual  models  are  shown  in  Figures  14-14  and  14-15. 

The  density-height  pridiles  for  the  60°N  January  models 
developed  for  10°.  100°  and  140°W  iFigure  14-16)  indicate 
that  the  longitudinal  variation  in  mean  monthly  densities  at 
40  km  in  w  inter  ranges  from  5'^  less  than  standard  at  I40°W 
to  20'^  less  at  I0°W  Density  profiles  for  longitudes  10° 
and  140°W  at  75°N  t  Figure  14-17).  indicate  that  the  Ion- 
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Tabic  l4-3a.  Temperature  IK)  in  January  for  60°N  and  7S°N  at  specified  Table  14.3b  Density  (kg/m'l  in  January  for  60°N  and  7S°N  at  Specified 
longitudes.  Longitudes 


Altitude 

OO^N 

75“N 

(km) 

10”W  IOO“W  140‘’W 

lO-W  I40°W 

0.000 

1.2555  1.4400  1.3075 

1.3608  1,4681  +0* 

2.000 

1.0219  1.0829  1.0412 

1.0612  1.0880 

4.000 

8.2374  8.4250  8.2788 

8.3467  8.4007  -1 

6.000 

6.5693  6.5882  6.6212 

6.5870  6.5674 

8.000 

5.1775  5.0972  5.2271 

5.1341  5.1802 

10.000 

4  02'’5  3.8155  3.9010 

3.8527  3.8306 

12.000 

2.9382  2.7874  2.8660 

2.8103  2.7832 

14.000 

2.1438  2.0367  2.1061 

2.0473  2.0226 

16.000 

1.5645  1.4954  1.5479 

1.4895  1  4701 

18.000 

1.1508  1.0%3  1.1379 

1.0822  1.0688 

20.000 

8.4435  8.0254  8.3672 

7,9325  7.8198  -2 

22.000 

6.2514  5.8655  6.2233 

5.8370  5.7198 

24.000 

4.5969  4.2802  4.6120 

4.2589  4.1721 

26.000 

3.2519  3.0803  3.3352 

3.0083  2.9732 

28.000 

2.3090  2.2230  2.4190 

2.0881  2.1291 

W.OOO 

1.6474  1.6094  1.7610 

1.4600  1.5325 

32000 

1.1808  1.1689  1.2865 

1.0284  1.1085 

34.000 

8.5018  8.4851  9.4.326 

7.2973  8.0574  -3  • 

36.000 

6.1087  6.1851  6  9.392 

5.2134  5.8840 

38.0(X) 

4.4174  4  .5282  5.1221 

3.7332  4  3165 

40  009 

3.2158  3. .3069  .3,7944 

2.6943  3.1806 

42  000 

2.3.561  2.42%  2.8208 

1.9597  2.3537 

44.000 

1.7.370  1;7%7  2  1031 

1.4361  1.7491 

46.000 

1.2881  1.. 3.370  1.5724 

1.0599  1.3059 

48.000 

0.9607  1.0100  1,1790 

0.7959  0.9788 

.so.ooo 

7.2057  7.6608  8.8318 

6.0021  7.3628  -4 

52.000 

5.4.328  5.8.578  6.6017 

4.5369  5.5581 

54.aX) 

4.1700  4.48.58  4.9924 
_ 

3.4462  4.24‘’3 

■•Ptmer  of  It)  b\  which  preceding  numbers  should  he  multiplied 


Altitude 

60°N 

75 

“N 

(km) 

10“W 

lOO^W 

140°W 

lO^W 

i4(r'v 

278.15 

246.13 

269.15 

257.65 

242.15 

2.000 

265.73 

248.64 

261.14 

252.64 

246.95 

4.000 

253,33 

242.13 

251.73 

244.11 

242.12 

6.000 

24C.93 

232.14 

238.13 

232.10 

232.34 

8.000 

.''28.54 

222.14 

224.54 

220.10 

217.34 

10.000 

216.16 

217.15 

221.15 

213.64 

213.65 

hl.OOO 

216.15 

217.15 

221.15 

212.64 

213.65 

14.000 

216.15 

217.15 

221.15 

211.65 

213.65 

16.000 

216.15 

215% 

221.15 

210.65 

213.65 

18.000 

214.17 

214.76 

221.15 

209.65 

213.65 

212.18 

213.57 

221.15 

206.40 

212.16 

22.000 

207.27 

212.37 

218.22 

200  82 

210.17 

24.000 

202.29 

211.18 

215.24 

195.25 

208.18 

26.000 

204.84 

213.07 

217.46 

195.15 

211.27 

28.000 

207.62 

215.06 

219.84 

199.22 

214.45 

210,40 

217.04 

222.22 

203.39 

217.63 

32.000 

213.18 

219  03 

224.60 

34.000 

215.95 

226.98 

21 1  7.7 

223.98 

36,000 

220.38 

224  91 

229.36 

215.89 

227.15 

224.94 

227.88 

231.73 

221. '7 

229  49 

232.65 

2.74.03 

226.51 

233.49 

2.^4  (13 

2,^7  59 

236  20 

231.86 

2.76.f4» 

238  58 

242.53 

2.78,37 

2.77.20 

2.79.82 

46  (KM) 

24.V12 

247  47 

240. 55 

242.53 

242.80 

48  (XX) 

247  ^6 

249.85 

242.72 

244.89 

245,77 

50  000 

252.19 

251.82 

;!45.8.7 

246.87 

248.73 

256.73 

252  15 

2.50.76 

248.84 

251.69 

257  55 

252.15 

2.54.15 

2.50.15 

252.15 
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CHAPTER  14 


STANDARD  AND  REFERENCE  ATMOSPHERES 


Table  14- 3c.  Pressure  (mb)  in  Januar>  for  ft(rN  and  75°N  al  Specified 
Longitudes 


Altitude 

(km) 

I0°W 

60°N 

I00°W 

I40°W 

75°N 

10°W  140°W 

0.000 

1.0025 

1.0175 

1.0102 

1.0065 

1.0205 

+  .3* 

2.000 

7.79.54 

7.7292 

7.S054 

7.6%.3 

7.71.32 

+  2 

4.000 

5.9903 

5.8.5.59 

5.9823 

5.8488 

5.8.387 

6000 

4.5435 

4.3901 

4  .5261 

4.3886 

4  . 3801 

8.000 

3.3967 

3.2.504 

.3..369.3 

3  2438 

.3.2318 

10.000 

2.4991 

2.. 378? 

2.4761 

.T3C28 

2..349.3 

12.000 

1 .82.30 

1.7.375 

1.8194 

1.7154 

1.7069 

14.000 

1. 3.301 

1 .2695 

1.3.370 

1.24.38 

1.2404 

16  000 

9.7072 

9.2705 

9.8268 

9.0069 

9.0164 

r  1 

18.000 

7.075.3 

6.7.589 

7.2240 

6.51.34 

6.5550 

20  000 

5.1428 

4.9201 

5.3116 

4.6998 

4.7625 

22  000 

3.7194 

3.57.58 

3.898.3 

3.36,48 

.3.4508 

24,000 

2.6695 

2  .5947 

2.8495 

2.3870 

2.49.33 

26  000 

1,9122 

1.8840 

2.0819 

1 .68.52 

1.8032 

28.000 

1 .3762 

1.3723 

1.5266 

1.1941 

1.3106 

30.000 

0.9949 

1.0027 

1.1233 

0.8524 

0.957.3 

.32.1)00 

7.22.58 

7.. 349.3 

8.2951 

6.1279 

7.026.3 

+  0 

.34  000  . 

5.2703 

.5,4058 

6.14.59 

4.4.351 

5.1805 

36  000 

3.8645 

3  99.33 

4..5687 

3.2.309 

3.8.367 

.38.000 

2.852.3 

2.%2I 

3.4072 

2.. 3701 

2.85.39 

40  000 

2.1184 

2.2084 

2  . 5490 

1.7519 

2.1318 

41.000 

I..5829 

1 .6570 

1.9126 

1..304.3 

(.5990 

44.000 

1.1896 

1.2.508 

1.4.<9I 

0.9778 

1.2041 

46,000 

0.8990 

0,9498 

1 .0858 

0.7379 

0.9102 

48  000 

6.8.305 

7.2441 

8.2146 

5.5957 

6.9055 

-  1 

50.000 

5.216.5 

5.5.378 

6.2.323 

4.2534 

5.2570 

52  000 

4.0037 

4.2399 

4,7520 

3.2407 

4,01.56 

.54  000 

3.0829 

3.2468 

3.6422 

2.4746 

3,0742 

•Powef  of  10  h>  which  preceding  n  imhers  should  he  multiplied 


gitudinal  variability  is  slightly  smaller  at  75"N  than  at  Nl'N. 
The  lowest  mean  monthly  densities  between  35  and  55  km 
occur  at  I0''3V'  at  btith  Wf  and  75'N. 

14.2.1.5  Cold  and  Warm  Winter  .Stratwphere/Meso- 
sphere.  In  arctic  and  subarctic  regions,  siddcn  warmings 
and  coolings  of  the  w  inter  stratosphere  and  mesosphere  pro¬ 
duce  iatgc  changes  in  the  vertical  and  horizontal  structurc 
of  the  atmosphere  Both  the  magnitude  and  altitude  of  max¬ 
imum  temperature  and  densitx  lUictuations  during  major 
warmings  and  coolings  cars  considerably  Some  of  the  larg¬ 
est  changes  in  the  scrtical  temperature  profiles  have  been 
observed  m  the  upper  sii.itosphere  between  35  and  45  km. 
The  observed  Vs-  to  f5-km  temperatures  Save  a  range  of 
roughiv 'X5  K  in  winter  compaied  with  2t)  K  in  summer  As 
a  result,  mean  monihiv  atmospheric  miKlels  for  Ihc  winter 
mi'nlhs  are  of  limited  value  for  specifying  temperjfures  at 
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Fieure  14-16.  Densilv-heigh:  pn)fiics  for  the  60°N  imKlels  at  10°,  100°. 
and  I4()“W. 


these  altitudes  since  the  day-to-day  variations  in  temperature 
arc  in  some  ca.  es  as  great  or  greater  than  the  seasonal  or 
latitudinal  changes.  Although  these  warmings  and  coolings 
occur  throughout  the  arctic  and  subarctic  region,  the  largest 
changes  gencially  wcur  between  latitude  60°  and  75°N;  they 
have  been  observed  much  more  frequently  at  some  longi¬ 
tudes  than  at  others. 

A  family  of  warm  and  cold  atmospheric  models  typical 
of  the  region  between  60°  and  75°N  has  been  prepared  to 
provide  an  indication  of  the  magnitude  of  the  varations  that 
can  tK'cur  in  the  vertical  distributions  of  temperature,  der  - 
sity.  and  pressure  in  winter  for  altitudes  up  to  90  km.  The 
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atmospheric  properties  representative  of  one  cold  and  three 
warm  stratospheric  regimes  that  occur  at  these  latitudes  are 
given  in  Table  14-4,  The  temperature-height  profiles  are 
shown  in  Figure  14-18.  They  are  based  on  radiosonde,  me¬ 
teorological  nxkct.  and  experimental  observations  (gre¬ 


nades,  falling  spheres,  and  pressure  gauges)  taken  at  ?oker 
Flat,  64°N,  Ft.  Churchill,  59°N,  Pt.  Barrow,  71°N  and  West 
Geirinish  57°N  during  the  period  1965  to  1976.  Mean  Jan¬ 
uary  conditions  at  60°N  are  assumed  below  9  km  since  the 
temperature-height  profiles  for  this  region  during  the  various 


Tuhic  14-4  High  ladiUiJe  (hcmitHiNnamic  properties  of  warm  and  cold  winter  stralosphere/mesosphere. 


Alliiudc 

ikmi 

Model  A 
(Warm) 

Model  B 
(Warm) 

Model  C' 

( W'arm) 

Mixlcl  D 
iColdl 

Mtxlel  A 
(Warm) 

Model  B 
(Warm) 

Model  C 
(Warm) 

Model  D 
,  (Cold) 

Model  A 
(Warm) 

Model  B 
(Warm) 

Model  C 
(Wanti) 

Model  D 
(Cold) 

Temperature  (K) 

Density  (kg/m'l 

Pressure  (mb) 

0  (KKI 

257  15 

25"  15 

257.15 

257  15 

1.5742 

1,5742 

1.5742 

1.5742 

+  0 

1.0144 

1.0144 

1.0144 

1.0144 

+  3* 

.  i.lNK) 

255  ^ 

255  44 

255.44 

2.55  04 

1 0500 

1 .0500 

1  0500 

1  0590 

7.7806 

7.7806 

7.7806 

7.7806 

4  INM) 

24*?  75 

247,7.4 

247  7.4 

247  75 

K  .5466 

X.5466 

X  3466 

8.5466 

-1 

5.9354 

5.9354 

5.9354 

5.9354 

6  (KXl 

2.U  l.t 

244  1.4 

254  !  5 

254  15 

6  6507 

6.6507 

6.6507 

6.6507 

4.4699 

4.4699 

4.4699 

4.4699 

K  UN) 

220  54 

220  54 

220  54 

220  .54 

5  22X6 

5.22X6 

5.22X6 

5.2286 

3.3102 

3.3102 

3.3102 

3.3102 

10  (MN) 

217  15 

217  15 

217  15 

210  .50 

5.SK1I 

5  XXII 

5.XXII 

5  8460 

2.4192 

2.4192 

2.4192 

2.4221 

i:  (x«) 

215  16 

215  66 

214  17 

222  ,5X 

2  K405 

2  X5.54 

2.8716 

2.7866 

1.7661 

1.7664 

1.7654 

1.7789 

14  UN) 

211  17 

212  66 

20X  IK 

225  15 

2  1165 

2  10.50 

2.1504 

2  0461 

1.2829 

1.2850 

1.2785 

1.3106 

16  UN) 

207  10 

200  6X 

202  21 

225  15 

1  5577 

1  .5465 

1  5X06 

1.50X0 

9  2546 

9,3087 

9,1750 

9.5600 

+  1 

IK  UN) 

20,1  20 

206  60 

106  2  ' 

225  15 

1.1500 

1.1514 

1  1574 

I.III6 

6.6496 

6.7132 

6.5200 

7.1210 

.20  lino 

|00  22 

204  70 

106  15 

225  15 

K.2920 

X  2410 

8  1X70 

8  l%5 

-  2 

4.7425 

4.8194 

4.6097 

5,2503 

::  UN) 

105  24 

21*1  72 

204  04 

222  17 

5.0055 

5  0767 

5.5X25 

6  0670 

3.3601 

3.4436 

3.2840 

3.8693 

24  non 

104  56 

201  50 

215  KH 

221  IK 

4  2.545 

4  2401 

5X671 

4  4895 

2. 3677 

2  4525 

2.3742 

2.8481 

2ii  non 

206  46 

222  x: 

220  IK 

2.4555 

2  0667 

2  7200 

5  51.50 

1.6747 

1.7583 

1.7397 

2.0940 

2x  nc«i 

2(Ni  51 

211  44  , 

2.5 1  75 

210  to 

20602 

2  0454 

1  9402 

2.44.59 

1.1910 

1.2708 

1.2908 

1.5377 

to  (HM) 

2o  t  40 

216  54 

240  6K 

2IK  20 

1  4576 

1  4001 

1  4021 

1  8006 

0.8514 

0  9256 

0.9687 

1  1278 

t:  (MN) 

215  K7 

227  56 

255  57 

217  21 

0  4442 

1  0J47 

1  0122 

1  .5251 

5  1609 

6.8189 

7..3624 

8  ,.621 

+  0 

(NN) 

22l<  75 

2tX  :.s 

266  25 

214  55 

641X4 

7  4420 

74226 

9X119 

-3 

4  5429 

5.0991 

5.6730 

6.0374 

UN) 

24  i  '1.1 

24K  52 

270  |  4 

211  .'K 

4  0118 

5  4164 

5  5241 

7  240.5 

3  4068 

3.8640 

4.4261 

4  .3933 

tX  (NN) 

254  40 

2.S6  44 

275  54 

20K  41 

5.5505 

4  01.56 

4  5X68 

5..5208 

2  59.58 

2.9560 

3.4704 

3.1832 

40  (NN) 

26''  55 

2M  t5 

270  64 

211  .50 

2  60S4 

5  0049 

.5.487X 

5X002 

2  0018 

2  2802 

2.7096 

2  3060 

42  ixm 

2X2  K"’ 

272  26 

265  70 

214  05 

1  02K5 

2  26X5 

2.7617 

2  7224 

1  5657 

1.7727 

2.1063 

1  6798 

44  UN. 

.ox  6" 

27x  41 

260  ■'6 

210  7K 

1.4478 

1.7.560 

2,1775 

1  9506 

1  2413 

1.3874 

1.6299 

1.2306 

4A  INIO 

206  64 

2X11  65 

255  X5 

226  60 

1  1640 

1  .55.57 

1  7005 

1  5979 

0  9912 

1  0906 

1.2.553 

0  9097 

4K  UN) 

2X5  74 

276  24 

250  X4 

255  60 

0  0585 

1  0752 

1  .5.5.57 

1  0121 

7.86.35 

8  5719 

9  6204 

5.7872 

-1 

50 1»«) 

274  04 

274  50 

246  45 

240  50 

0  78.54 

0  X5.V) 

1  0570 

0  7,598 

6  18.56 

6  7169 

7.3358 

5. 1080 

52  Oi»l 

264  10 

270  V, 

242  KO 

245  76 

6  5555 

6  7501 

7  9005 

5  4900 

-4 

4  8166 

5.2456 

5  .5710 

3  87.50 

54  (NN) 

255  27 

266  42 

254  .t4 

250  6K 

5  1074 

5  55X0 

6  1540 

4  1041 

5  7152 

4  0823 

4.2143 

2  9555 

56  (NN) 

244  4X 

260  5X 

25^  xo 

255  60 

4  0550 

4  2200 

4  6015 

5  0861 

2  8517 

3  16.33 

3  1754 

2  2o4.5 

5S  (NN) 

240  55 

254  24 

252  26 

255  X7 

5  U)K4 

5  5570 

5  5754 

2  5716 

2  1464 

2  4565 

2  . 5828 

1  7419 

N)  (NN) 

2^6  61 

’4X  (N) 

22X  12 

2.^4  X4 

2  5847 

2  6104 

2  7118 

1  8502 

1  6197 

!  8647 

1  7804 

1  3591 

6:  UN) 

2  '2  60 

241  7| 

225  IS 

255  4| 

1  8217 

2  04  51 

2  0442 

1  1112 

1  2168 

1  4)76 

I..5246 

1  0285 

64  (NN> 

22x  '6 

2}^  4t 

22!  6^ 

252  42 

1  5X55 

1  5X55 

1  5414 

1  08'’2 

0 

1  0701 

0  9X10 

0  7895 

66  (NN) 

224  .St 

224  15 

2IX  1 1 

251  44 

1  04X4 

1  2100 

1  |S5I 

0  K564 

6  7699 

8  01X8 

7.2525 

6  0527 

-  2 

6K  (NN) 

220  o| 

222  X' 

214  54 

250  2X 

7  4()14 

4  51X4 

M  6146 

6  4526 

-  5 

,sbl22 

5  9616 

5  .5064 

4  5359 

"0  (NN) 

2  16  ‘X) 

216  N) 

211  ’2 

24  S  52 

5  4267 

7  064/ 

6  5X67 

4  9718 

5  69)7 

4  .5957 

3  8742 

3  5440 

(NNi 

21''  o" 

210  tt 

2o4  t6 

246  t6 

4  4216 

5  5212 

4  6X44 

5  8255 

2  7045 

5  2128 

a  **  86 

2  7040 

"■4  (NN) 

2((**  !6 

204  0" 

20"  40 

24/  40 

5  2815 

5  47)6 

■  5  4  .M6 

2  454X 

1  '4702 

2  .5266 

2  044<i 

2  05vo 

*6  (NN) 

■*o^  u 

!‘N  '  * 

205  4S 

242  45 

2  4210 

2  4126 

2  50X4 

2  24X2 

1  4271 

I  6699 

1  4793 

1  5646 

■•K  (NN) 

202  4| 

f‘»6  60 

205  44 

254  XO 

1  77U( 

2  1125 

1  X26X 

1  72.U 

1  02X4 

1  1921 

1  0671 

1  1X63 

SO  (NN) 

|U)  4X 

145  4" 

2M  54 

2. ’'6  67 

1  2XH4 

1  5244 

1  5266 

1  5195 

7  5779 

X  4664 

7  6749 

X  9645 

-  3 

H2  (NX) 

los  jS 

lui  t5 

pw  SU 

2  tt  55 

0  076X 

t  0045 

0  4605 

1  (N>6X 

5  2718 

5  9X06 

5  .50.54 

6  7501 

i  S4  IHNI 

|0V  |< 

is:'  m 

|4*^  6t 

2  to  41 

6  6205 

7  XI 72. 

6  4547 

7  6561 

-6 

5  7f,S7 

4  2015 

3  9342 

50642 

!  UNI 

ios  |S 

1S4  6S 

|‘»6  6S 

:2'  M 

4  7501 

5  5570 

4  46X4 

5  XOil 

2  69(U 

2  9554 

2  8(U9 

3  7X52 

^  HS  (NN) 

NS 

n:  '5 

loft  ftS 

221  s2 

5  ,1X02 

5  X‘MX 

1  5417 

4  5X6 1 

I  9226 

2  (M.50 

1  9992 

2  8181 

, 

'  INN) 

l'»V 

ISO 

1  '«5  65 

214  41 

2  4160 

2  7244 

2  ^250 

^  1072 

I  5742 

1  4167 

1  42S.5 

2  0X79 

*P.’wcr  n!  in  'Ahkh  prcccJinc  nuniN.Ts  should  hv  muliiphcJ 


•*.  •*,  « 


14-24 


STANDARD  AND  REFERENCE  ATMOSPHERES 


Figure  14-18.  Temperalure-height  profiles  associated  with  extreme  warm 
and  cold  regimes  in  the  winter  stratosphere  and  mesosphere 
near  6(rN. 
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Figure  14-19.  Density  profiles  (warm)  associated  with  extreme  temper¬ 
atures'  in  the  upper  stratosphere  and  mean  January  condi¬ 
tions  at  fiOT'l.  Circled  prints  form  an  envelope  of  high  and 
low  densities  equaled  or  surpassed  5%  of  time. 


warmings  and  coolings  are  not  significantly  different  from 
the  mean  January  atmosphere. 

The  three  warm  models  could  all  occur  during  various 
stages  of  one  large-scale  warming.  However,  available  ob¬ 
servations  indicate  that  a  temperature  of  300  K  at  45  km  is 
equaled  or  exceeded  1%  of  the  time  at  West  Geirinish  and 
0.4%  of  the  time  at  Ft.  Churchill  during  January,  whereas 
a  temperature  of  280  K  at  45  km  is  equaled  or  exceeded 
10%  of  the  time  at  West  Geirinish  and  4%  of  the  time  at 
Ft.  Churchill.  A  temperature  of  280  K  near  36  km  is  equaled 
or  exceeded  0.6%  of  the  time  at  West  Geirinish  and  0.1% 
of  the  time  at  Ft.  Churchill.  Frequencies  of  occurrence  were 
obtained  by  plotting  the  observed  temperature  distnbutions 
on  probability  paper. 

The  cold  profile.  Model  D,  is  based  on  an  average  of 
five  observations  in  which  the  temperature  at  45  km  was 
within  Y  of  223  K.  Observed  data  indicate  that  a  temper¬ 
ature  of  223  K  or  colder  occurs  at  Ft.  Churchill  6%  of  the 
time,  at  West  Geirinish  4%  of  the  time,  and  at  Poker  Flat 
9%  of  the  time  in  January. 

The  portions  of  the  temperature-height  profiles  between 
55  and  85  km  are  based  on  estimates  obtained  by  using 
interlevel  temperature  correlations  with  the  temperatures 
adopted  at  40,  45.  and  50  km. 

The  density  profiles  associated  with  b<ith  the  warm  and 
cold  models  are  provided  along  with  the  mean  January  60“N 


profile  in  Figures  14-19  and  14-20.  The  densities  are  por¬ 
trayed  as  percent  departures  from  the  1976  Standard  At¬ 
mosphere.  Envelopes  of  the  high  and  low  values  of  density 
which  are  equaled  or  surpassed  5%  of  the  time  at  60°N  in 
January  are  also  shown.  They  are  envelopes  rather  than 
realistic  profiles  since  5%  values  do  not  occur  simultane¬ 
ously  at  all  altitudes.  The  density  profiles  for  the  warm  and 
cold  models  illustrate  the  negative  correlations  that  exist 
between  the  densities  at  various  levels  in  the  atmosphere 
[Quiroz,  1971;  Labitzke,  1971;  Cole,  1972]  For  example, 
when  (he  density  is  much  less  than  the  mean  monthly  value 
at  altitudes  between  25  and  40  km  (Figure  14-20),  it  is 
greater  than  the  mean  value  between  45  and  75  km.  In  most 
cases  the  departures  of  density  from  the  monthly  mean  fall 
within  the  5%  envelope.  However,  as  shown  in  Figure 
14-20,  density  profiles  as.sociated  with  an  extreme  winter 
warming  or  cooling  will  approach  both  the  5%  maximum 
and  5%  minimum  values  at  different  altitudes. 

The  altitudes  of  the  maximum  density  departures  from 
the  monthly  mean  are  related  to  the  altitudes  of  maximum 
temperature  deviations  in  that  the  maximum  density  depar¬ 
tures  are  roughly  10  to  20  km  above  the  maximum  tem¬ 
perature  deviation.^.  For  example,  the  largest  positive  den¬ 
sity  departure  for  profile  C  (Figure  14-20)  occurs  near  49' 
km,  whereas  the  maximum  stratospheric  temperature.  280 
K  for  profile  C  (Figure  14-18),  is  at  36  km.  The  largest 
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Figure  14-20.  Density  profiles  associated  with  extreme  temperatures  in 
the  upper  stratosphere  and  mean  January  conditions  at  60^. 
Circled  points  form  an  envelope  of  hiiili  and  low  densities 
equaled  or  surpassed  5%  of  time. 


negative  density  departure  for  the  same  profile  occurs  near 
33  km  and  its  minimum  stratospheric  temperature,  196  K 
is  at  18^20  km. 


14.2.2  High  Altitude  Reference  Atmospheres 

Although  there  were  early  high  altitude  model  atmos¬ 
pheres  based  on  upward  extrapolation  of  rocket  data,  they 
were  not  accurate  and  the  first  official  U.S.  models  of  the 
satellite,  era.  including  density  values  derived  from  satellite 
drag,  were  the  ARDC  Model  Atmosphere,  1959  (Minzner, 
1959]  and  the  U.S.  Standard  Atmosphere,  1962  [COESA], 
These  rrodels  accurately  represented  thermospheric  density 
at  the  time  the  observations  were  made,  but  since  the  ob¬ 
servations  were  made  at  the  peak  of  solar  cycle  19  which 
had  unusually  high  activity,  they  represente  ’  conditions  that 
are  not  frequently  observed. 

The  next  generation  of  reference  atmospheres  started 
with  the  COSPAR  International  Reference  Atmosphere 
(CIRA)  1%.‘)  (COSPAR).  These  atmospheres  included  a 
Mean  CIRA  between  30  and  3(X)  km  prepared  by  Champion 
and  a  set  of  models  for  120  to  800  km  prepared  by  H;(Tis 
and  Priester.  The  latter  are  semi-theoretical  models  bu?  'vith 
some  free  parameters  whose  values  were  chosen  so  that  the 
models  reproduced  observed  densities  The  following  year 


the  U.S.  Standard  Atmosphere  Supplements,  1966  (COESA] 
were  published.  This  publication  included  models  up  to 
1000  km.  The  lower  thermospheric  models  were  based  on 
work  by  Champion  and  the  upper  thermospheric  models  on 
work  by  Jacchia.  An  updated  set  of  COSPAR  models  was 
published  in  1972  as  CIRA  1972  (COSPAR).  In  these  models 
Champion  and  Schweinfurth  [197?]  prepared  the  Mean  CIRA 
for  altitudes  between  25  and  500  km  and  Jacchia  [1971] 
prepared  a  set  of  models  for  the  altitude  range  1 10  to  2000 
km.  More  recent  models  include  the  U.S.  Standard  At¬ 
mosphere,  1976  (COESA),  and  the  Jacchia  [1977]  model. 

The  preceding  models  have  all  been  based  principally 
on  density  data  from  orbital  drag  and  in  situ  measurements 
of  density  and  composition.  Recently,  models  have  been 
developed  which  are  also  based  on  airglow  temperatures 
(DTM)  [Barlier  et  al.,  1978]  or  incoherent  radar  scatter 
temperatures  (MSIS)  [Hedin  et  al.,  1977].  A  number  of 
theoretical  models  are  being  developed,  including  the  NCAR 
thermospheric  general  circulation  model  by  Roble  and  col¬ 
leagues  [Dickinson  et  al . ,  1981].  This  is  a  three-dimensional 
model  of  the  global  neutral  gas  temperatures  and  circulation 
of  the  thcr..'3sphere.  Rees  and  colleagues  [Fuller-Rowell 
and  Rees,  jSO]  are  also  developing  a  three-dimensional 
global  model  of  the  thermosphere.  They  start  with  a  realistic 
steady-state  model  and  then  progressively  modify  it  in  re¬ 
sponse  to  the  sources  and  sinks  of  energy  and  momentum 
and  to  the  winds  that  result  from  the  various  driving  forces 
redistributing  mass,  momentum,  and  energy.  Important 
components  of  theoretical  models  are  the  amplitudes  and 
phases  of  the  tidal  effects.  The  principal  tides  are  the  solar 
diurnal,  semidiurnal  and  terdiumal.  The  magnitudes  of  these 
tides  and  their  effects  on  density  and  composition  are  re¬ 
viewed  by  Champion  [198iJ. 

14.2.2.1  Development  of  Reference  Atmospheres.  Since 
the  earliest  upper  atmosphere  models,  it  has  been  customary 
to  define  them  in  part  by  means  of  temperature  profiles 
which,  by  means  of  the  appropriate  physical  relations,  yield 
density  profiles,  and  in  the  more  modem  models,  compo¬ 
sition  and  other  properties. 

At  this  point  we  will  review  the  temperature  profiles  of 
some  models  of  particular  interest.  Figure  14-21  shows  the 
temperature  profiles  of  the  U.S.  Standard  1962,  Mean  CIRA 
1965,  Mean  CIRA  1972  and  U.S.  Standard  1976.  It  can  be 
seen  that  as  time  progres.sed  the  mean  model  temperatures 
in  the  thermosphere  have  become  lower.  There  is  a  good 
reason  ,  for  this  which  can  be  understood  by  referring  to 
Figure  14-22.  This  figure  shows  a  plot  of  the  mean  annual 
number  of  sunspots  from  1820  to  1976.  The  1 1-yr  cycle  of 
activity  can  be  seen  and  also  the  wide  variation  in  the  number 
of  sunspots  at  the  cycle  peaks.  Table  14-5  shows  that  the 
succeeding  models,  which  are  based  on  satellite  orbital  drag 
and  in  situ  measurements,  have  sampled  the  atmosphere 
starting  from  very  non-typical  conditions  in  1957  to  in¬ 
creasingly  representative  conditions  with  time.  In  addition, 
Slcwey  [  1979]  has  done  a  study  using  both  sun.spot  numbers 
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Figure  14-21.  Kinetic  temperature  profiles  for  several  standr'd  and  ref¬ 
erence  atmospheres,  including  a  proposed  new  mean  CIRA. 


Figure  i  4-22.  The  mean  annual  number  of  sunspots  from  1820  to  1976. 


Figure  l4-2.'v  Histogram  of  frequency  per  degree  of  predicted  exospheric 
tempeiatures  for  a  mean  solar  cycle 


Table  14-5.  Average  exospheric  temperature. 


AVERAGE 

US  STANDARD  ATMO.'PHERE  1962 

1500  K 

(3  YRS) 

MEAN  CIRA  65 

1200  K 

MEAN  CIRA  72 

1000  K 

US  STANDARD  ATMOSPHERE  1976 

1000  K 

(11  SOLAR  CYCLES) 

SPECIAL  STUDY  (12  SOLAR  CYCLES) 

882  K 

back  to  1847  (12  cycles)  and  the  Jacchia  1971  model  to 
determine  relative  values  and  has  found  that  the  expected 
mean  exospheric  temperatcre  averaged  over  all  conditions 
for  this  period  would  be  882  K.  A  histogram  showing  the 
predicted  exospheric  temperature  distribution  is  given  in 
Figure  14-23.  The  exact  mean  temperature  will  depend  on 
the  time  period  chosen  (for  example,  including  the  Maunder 
minimum  would  have  a  profound  effect)  and  the  model  used 
to  determine  relative  values.  However,  it  is  recommended 
that  900  K  be  used  for  the  exospheric  temperature  for  the 
next  Mean  CIRA  as  being  aflpropriate  to  this  phase  of  solar 
activity.  The  corresponding  density  profiles  of  ths  four  pre¬ 
vious  standard  or  mean  models  and  that  of  the  proposed 
new  model  are  snown  in  Figure  14-24. 

The  most  up-to-date  set  of  approved  reference  atmos¬ 
pheres  for  altitudes  above  90  km  is  that  contained  in  CIRA 
72.  There  are  plans  to  prepare  revised  versions  of  both  CIRA 
and  the  U.S.  Standard  Atmosphere  Supplements.  Tl.e  latest 
published  version  of  the  latter  is  the  U.S.  Standard  Atmos¬ 
phere  Supplemen:s.  /966. 

The  CIRA  1972  models  up  to  120  km  were  prepared 
by  Groves  of  University  College,  Loudon,  England  and  the 
.Air  Force  Cambridge  Research  Laboratory  (AFCRL).  An 
independent  set  of  models  for  the  region  1 10  to  2000  km 
were  prepared  by  Jacchia  of  the  Smithsonian  Astrophysical 


Figure  14-24  Density  profiles  of  several  standard  and  reference  atmo- 
spheres,  including  a  proposed  new  mean  CIRA 
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Observatory.  Since  these  two  sets  of  models  do  not,  in 
general,  match  at  1 10  km.  Champion  and  Schweinfurth  of 
AFCRL  developed  the  Mean  CIRA  which  is  continuous 
from  25  to  500  km  and  applies  under  specified  conditions. 

14.2.2.2  Mean  CIRA  Reference  Atmosphere.  The  ba¬ 
sis  of  the  mean  reference  atmosphere  is  as  follows:  Between 
25  and  75  km  the  model  represents  annual  mean  conditions 
for  latitudes  near  30°.  Between  120  and  500  km  the  mode! 
corresponds  to  diurnal,  seasonal,  and  sem  -annual  variatioh 
average  conditions  for  a  latitude  near  30°  and  a  solar  dux 
F  of  145  X  10  ”  W  m'’  Hz  '.  Between  75  and  120  km  a 
model  has  been  developed  which  provides  a  smooth  con¬ 
nection  between  the  lower  and  upper  sections  of  ihe  mean 
atmosphere.  This  atmosphere  contains  kinetic  temperature, 
molecular-scale  temperature,  density,  pressure,  density  and 
pressure  scale  heights,  mean  molecular  weight,  densities  of 
major  constituents,  and  total  number  densities. 

The  data  used  to  develop  the  model  between  25  and  75 
km  were  the  values  at  30°  latitude  of  the  annual  mean  pres¬ 
sure  at  25  km  and  the  annual  mean  temper„ture  between  25 
and  75  km.  The  pressure  equation  was  integrated  numeri¬ 
cally. 


/ 

p  =  Pi  exp  Y  J  gdz^wj  (14.17) 


p  =  pressure  at  altitude  z 
Pi  =  pressure  at  reference  altitude  Z| 

Mo  =  sea  level  value  of  mean  molecular  weight  =  28,96 
2  =  8.31432  X  10’  ergs  K  ^  '  g  mol  - ' 
g  =  acceleratitm  due  to  gravity  at  30°  latitude 
Tm  =  molecular-scale  temperature 


M  =  mean  molecubr  weight 
T  =  k’.netic  temperature. 

The  model  between  75  and  120  km  wa.s  constrained  to 
provide  a  transition  between  the  low  altitude  model  and  the 
high  altitude  model.  These  two  models  are  not  only  different 
but  are  functions  of  different  parameters.  Thus  a  compro¬ 
mise  was  devised.  A  temperature  profile  wa.s  developed  with 
a  constraint  that  it  yield  a  specified  density  value  »t  120 
km.  The  equations  and  method  used  to  determine  the  com¬ 
position  are  given  in  Champion  and  Schweinfurth  |I972). 


r.  w.  *- 
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TabI*  t4-5.  ;4ean  Reference  Atmosphere  Stnicture  Parameters  25  to  120  kii,. 
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2S  93 

20  135 

19  550 

17.144 

18.199 

14.9.54 

14.098 

1 

ISv4 

2S  H9 

19  747 

•9.153 

17  802 

14.565 

13.425 

IS9  3 

28  81 

19  .346 

18.7.39 

17.389 

14.178 

12.665 

j  lixi 

199  4 

28  37 

18  940 

M,299 

17.618 

16.945 

13.928 

12  099 

I  105 

216  6 

27  51 

!8.5.‘56 

17.823 

17.647 

16.4.35 

13.811 

11.178 

no 

245  1 

26  73 

18  2t8) 

i7.398 

17.509 

15.%l 

13.711 

10.132 

:  115 

2S5  2 

26  05 

17.872 

17. 332 

15  5.39 

13.620 

9.?98 

!  120 

334  5 

25  45 

17  ,579 

16  734 

17.153 

15.17.3 

13.538 

8.167 

I 


The  exiispheni:  temperjture  h>r  the  ciwKlitions  specified 
aN>\c  1  IfUKl  K  The  Jjechia  fivnlels  vkcrc  recivnputed  using 
the  jcccieraiHin  due  to  gras  its  t(>r  30°  latitude  The  original 
models  use  a  salue  salid  only  near  iatiiade  45°.  The  rmidel 
.values  vserc  then  changed  at  all  altitudes  so  that  they  matched 
the  values  at  120  km  ;or  the  intermediate  altitude  model. 

The  propentes  ot  the  .Mean  Reference  Atmivsphete  are 
pte^nted  in  ahhreviated  fi'im  in  Tables  14-6  to  14-9.  (The 
civmplete  tables  are  provided  in  CTRA.  1972  ICOSPAR. 
19721  Table  l4-/»  c<>ntains  values  »>f  molecular  scale  tem¬ 
perature.  density,  pressure,  number  density,  pressure  scale 
height,  and  acceleration  due  to  gravity  over  the  altitude 
range  25  120  km  Table  14-7  contains  values  of  kinetic 
temperature,  mean  ttvi'tecular  weight  and  log  number  den¬ 
sities  of  N-.0-,(3.  Ar.  He.  and  ().  over  the  altitude  range 
75-120  km  In  Table  14-H  molecular-scale  temperature. 

~iGh 

fi*v£»r  c.»t  c«T»ti«r 


density,  density  scale  height,  ptessurc,  ptes.surc  scale  height, 
and  acceleration  due  lo  gras  ity  fw  the  altitude  range  1 20-.‘v00 
km  arc  given.  Table  14-9  contains  the  corresponding  values 
of  kinetic  temperature,  mean  molecular  weight,  number 
density,  and  log  number  density  of  N;.0;.  O,  Ar,  and  He 
for  the  altitudes  120- .500  km. 

Some  of  the  properties  are  illustrated  in  Figures  14-25 
to  14- .to.  Figure  14-25  shows  the  kinetic  iemperaiure  of  the 
mean  atmosphere  plus  curves  indicating  low  extreme  and 
h-gh  extreme  temperatures  whose  frequency  of  occurrence 
is  I  Of  or  less.  Figure  14-26  show  s  the  pressure  stale  heights 
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Table  14,-8.  Mean  Reference  Atmosphere  Stnicture  Parameters  120  lo  500  km. 


Height 
km  . 

Molec 

Temp 

K 

Den;>ity 

kg/m’ 

Density 

Scale 

Ht  (km) 

Pressure 

N/m’ 

Pressure 

Scale 

Ht(km) 

g 

m/s^ 

120 

380.6 

2.440C-08 

8.17 

2.666E-03 

11.58 

9.433 

125 

452.3 

1.382E-08 

9.51 

1.795E-03 

13.79 

9.418 

130 

526.9 

8.484E-09 

11.05 

1.283E-03 

16.08 

9.404 

135 

600.9 

5.563E-09 

12.70 

9.597E-04 

18.37 

9.389 

140 

672.4 

3.845E-09 

14.44 

7.423E-04 

20.59 

9.375 

145 

739.8 

2774E-09 

16.21 

5.891E-04 

22.69 

9.360 

150 

802.7 

2.070E-09 

17.98 

4.770E-04 

24.66 

9.346 

155 

861.0 

1.587E-09 

19.70 

3.923E-04 

26.49 

9.332 

160 

914.8 

1.244E-09 

21.37 

3.267E-04 

28.19 

9.317 

165 

964.7 

9.927E-10 

22.% 

2.749E-04 

29.77 

9.303 

170 

1011.1 

8.040E-10 

24.48 

2.334E-04 

31.25 

9.289 

175 

1054.4 

6.593E-10 

25  92 

1.9%E-04 

32.64 

9.274 

180 

1095.0 

5.464E-10 

27  29 

1.718E-04 

33.95 

9.260 

185 

1133.2 

4.568E-10 

28.60 

1.468E-04 

35.19 

9.246 

190 

1169.3 

3.850E-10 

29.85 

1.292E-04 

36.36 

9.232 

195 

1203.4 

3  267E-  10 

.31.05 

1.I29E-04 

37.48 

9.218 

200 

1235.8 

2.789E^10 

32.21 

9.8%E-05 

38.55 

9.204 

210 

1295.9 

2.066E-10 

34.40 

7.686E-05 

40.55 

9.176 

220 

1350.3 

:.558E-  10 

36.45 

6.039E-05 

42.38 

9.148 

230 

1399.6 

1.192E-10 

.  38.39 

4.792E-05 

44.06 

9.120 

240 

1444.4 

9.246E  -  11 

40.21 

3.834E-05 

45.61 

9.092 

250 

1484.9 

7.248E  -  11 

41.92 

3.090E-05 

47.03 

9.065 

260 

1521. 5 

5,735E  -  11 

43.52 

2.505E-05 

48.33 

9.037 

270 

1554.6 

4.576E  -  11 

45.03 

2.042E-05 

49.54 

9.010 

280 

1584.5 

3.677E-I1 

46.43 

I.673E-05 

50.64 

8  983 

290 

1611.5 

2.974E-11 

47.73 

1.376E-05 

51.66 

8955 

300 

1636.0 

2  418E  -  II 

48.95 

I.I36E-05 

52.60 

8.928 

310 

1658.1 

1  976E  -  11 

50.07 

9.405E-06 

53.48 

8.902 

320 

1678.2 

1.621E-  11 

51.12 

7.812E-06 

54.29 

8  875 

330 

16%.5 

1.336E-11 

52.09 

6.507E-06 

55.05 

8.848 

340 

1713.4 

l.l(MF-  11 

52.98 

5.432E-06 

55.76 

8.822 

350 

1728.8 

9.I58E-12 

53.81 

4.545E-06 

56.43 

8.795 

360 

1743.2 

7.6I5E-  12 

54.59 

3.811E-06 

57.07 

8.769 

370 

1756.7 

6.348E-12 

55.31 

3.202E-06 

57.69 

8.743 

380 

1769  5 

5.304E-  12 

55.98 

2.694E-06 

58.28 

8.717 

390 

1781.8 

4.441E-  12 

56.60 

2.272E-06 

58.86 

8.691 

400 

1793.7 

3.725E-  12 

57.20 

1.918E-06 

59.43 

8.665 

410 

1805.4 

3.130E-  12 

57.75 

1.622E-06 

60.00 

8  6.39 

420 

1817.2 

2.63.5E-  12 

58.28 

1.374E-06 

60.57 

8.614 

430 

1829  1 

2.221E-  12 

58.79 

1.I66E-06 

61.14 

8.588 

440 

1841.3 

I.875E-  12 

59.26 

9.9I0E-07 

61.74 

8.563 

450 

1854.0 

1  585E-  12 

59.73 

8.435E-07 

62.35 

8.537 

460 

1867.4 

1  .MIE-  12 

60.18 

7.I91E-07 

62.98 

8.512 

470 

1881  6 

1.I37E-  12 

60.63 

6.140E-07 

63  65 

8  487 

480 

1896  9 

9  644E-  13 

61.08 

5.2.52E-07 

64.36 

8  462 

490 

1913.4 

8.192E-  13 

61  52 

4.500E-07 

65.11 

8  437 

500 

1931.4 

6.967E-  13 

61.95 

3.863E-07 

65.91 

8.412 
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Table  14-9.  Kinetic  Temperature  and  Cumpmition  of  the  Mean  R.fcience  Atmospbete.  120  to  500  km. 
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Figure  140*^  Nkan  ('IR  A  tirnxiiKA  and  \.unc\  of  cMrcmc  iicnMtte^ 

of  the  mean  atnH>sphere  as  a  function  of  altitude.  Figure 
14-27  contains  low  extrente.  high  extreme,  and  mean  den- 
sit\  values  Total  number  densities  and  densities  of  N^.  O:. 
O,  O,.  Ar.  He.  and  M  are  given  in  Figure  14-28.  Figure 
14-29  contains  the  .Mean  CIRA  temperature  profile,  titedian 
warm  temperatures  and  those  exceeded  10^  and  I*;!-  of  the 
time  and.  similarly,  median  cold  temperatures  and  those 
above  which  9()^  or  99'*.  respectively,  of  the  temperatures 
lie.  The  corresponding  density  curves  are  shown  in  Figure 
l4-3t» 

14.2.2.3  Reference  Atmospheres  90  to  120  kn.  These 
empi.-^ical  atmo.pheres  are, based  on  a  report  entitled.  “At¬ 
mospheric  Structure  and  its  Variations  in  the  region  from 
25  to  120  km"  by  Groves  |l97ij  In  this  section  only  the 
properties  above  90  km  are  presented  The  upper  altitude 
of  the  models  vanes  with  latitude  and  time  of  year,  dc- 


NuVBEO  DENS  Y  SV’’) 


t  iL'iirc  M-Ds  r.njl  nwmlvr  .Icn-itK'N  .iml  ot  \  .  tl-.  O.  (>..  A. 

n.-  jr.d  H 


exo  rtwviMrunt  wunt  rtaxatruatt 


40  tTO  i«0  2i0  2S0  ■  2SO  270  2»0 

rmn»»ru«c  t,i  m 


Figure  I4.?»  Mean  CIRA  tempentufev  and  tempemuiev  which  are  ex¬ 
ceeded  509 .  109 .  lit  of  the  lime  dunng  warmeu  munitiv. 
and  lemperatures  exceeded  A09.  ‘<09.  ainl  9»9  of  the 
lime  during  cotdevi  momhv.  ai  Ir'iludev  lietween  0°  and 

mrs 

pending  on  the  availability  of  data  Abxne  90  km  the  data 
are  pnmarily  from  rockelbome  falling  sphere,  grenade  and 
chemical  release  techniques.  Table  14-10  contains  average 
values  of  zonal  iW  -  E)  winds  at  latitudes  from  the  equator 
to  .Mf  for  the  first  day  of  each  month  Data  used  are  from 
all  longitudes,  with  southern  hemisphere  data  shifted  by  six 
months.  Mean  temperature  values  at  latitudes  from  the  equa¬ 
tor  to  70'  are  given  in  Table  14-11,  Less  accurate  values 
fhased  on  few  data  points)  are  indicated  by  an  asterisk.  Table 
14-12  gives  the  corresponding  pressure  values  and  Table 
14-1.^  the  density  values. 
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Fijrure  14  rx-nNftic^  rcLmvc  to  Mean  C'lR  \  execeJeJ  MYi .  HKy .  and 
l'»  i>l  the  tiiTK*  vUirmc  n3x>nthN  with  hik'hcv  xk*nMlicv,  and 
cK'nsilJcv  exceeded  .  jrnt  td  the  tioK'  during 

inonthN  with  lowest  den-Hies.  ai  Ijtirtules  Krtween  it  and 

m  \ 
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TaMc  14-10  W-E  Windv  40  lo  I.V)  km  Iwsed  tw  ilaU  fnmi  all  hm^iludn  with  S  Hcmisplwre  dat-i  \hiflc«l  Mt  mi>nlh\  m  litnr  WinJ\  hi  the  cjnI  are 
poulivc  in  m/a  Valuta  apply  lu  (he  hnl  day  »f  eneh  miinih 


km 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Noy 

Dec 

0  DcgttCh  N 


-9 

-31 

-22 

28 

-23 

-  13 

28 

-3 

7 

10  Degrees  N 


13 

-23 

-9 

-31 

22 

-32 

-28 

-23 

22 

-29 

-28 

-3 

11 

-11 

-7 

22 

10 

14 

17 

37 

-  15 

-23 

-  22 

-.32 

-  22 

-29 

- 11 

-  11 

10 

14 

20  Degrees  N 


30  Degrees  N 

90  5 

95  0 

100  -8 

105  -9 

110  2 

115  11 

120  7 

-  18 
-  19 

5 

39 

.36 

0 

-27 

1 

1 

1 

1 

It 

125  -12 

-.39 

130  -33 

-  50 

-  1 

40  Degrees  N 

90  31 

32 

21 

95  17 

15 

1 

100  7 

14 

3: 

105  1 

17 

21 

no  1 

6 

-3 

115  1 

-  18 

50  Degrees  N 

90  28 

21 

95  14 

21 

1' 

The  preceding  tables  contain  mean  climatological  val¬ 
ues.  One  .anation  of  these  values  that  is  important  and  can 
be  readily  mrsdeled  is  that  due  to  solar  tides  higure  14-31 
contains  the  amplitude  and  phase  of  the  solar  diurnal  tide 
in  density  as  a  function  of  latitude  and  Fieure  l4-’2contains 


the  correspomling  amplitude  and  phase  of  the  solar  semi¬ 
diurnal  tide  .Note  that  the  tnle  amplitudes  aa’  quite  small 
at  low  altitudes,  hut  rapidly  increase  at  higher  altitudes 
These  values  were  calculated  theorelicalh  h\  Forbes  |f*ri- 
vate  (.'omnmnication,  IdSZl 


Table  14* 1 1  Tempcraiurt^  (K»  W  to  no  km 


TaMc  14-12  Prrwuii-iNiii 
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1  W  to  1 10  km  lineit  ikcunal  pomi  on  the  nght  o4  the  thiec  difiti  and  muhiply  b>  10’*  J/' 

km 

Jan 

Feb 

Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Nov 

Dec 

N 

0  Degrees  N 

90 

197 

200 

206 

212 

213 

208 

197 

200 

206 

212 

213 

208 

-3 

!W 

95 

803 

855* 

90.3* 

920* 

887* 

853* 

803 

855* 

903* 

920* 

887* 

853* 

-4 

100 

350 

395* 

419* 

416* 

379* 

360* 

3'r» 

395* 

419* 

416* 

379* 

.360* 

-4 

105 

168 

199* 

213* 

202* 

172* 

162* 

1d8 

199* 

213* 

202* 

172* 

162* 

-4 

‘/s 

110 

090 

113* 

122* 

112* 

091* 

084* 

090 

113* 

122* 

112* 

091* 

084* 

-4 

10  Degrees  N 

' 

90 

194 

188* 

191 

206 

214 

206 

198 

214 

230 

228 

216 

204 

-3 

95 

079* 

080* 

081 

088 

090* 

085 

081 

093 

101* 

099* 

090 

083 

-3 

• 

100 

345* 

.364* 

373* 

386* 

379* 

362* 

357 

421* 

480* 

462* 

395 

35.3 

-4 

105 

164* 

182* 

183* 

182* 

172* 

IW* 

170 

213* 

246* 

2.30* 

184* 

161* 

-4 

no 

089* 

101* 

IW 

098* 

088* 

084* 

090 

117* 

141* 

130* 

100* 

085* 

-4 

C'm. 

i 

20  Degrees  N 

' 

90 

187* 

188 

191 

213 

215 

201 

191 

214 

2.36 

233 

212 

199 

95 

077* 

080 

080 

090* 

090* 

083 

079 

090 

104* 

102* 

089 

081 

-3 

v'-. 

100 

338* 

.362 

362 

386* 

382* 

361* 

354 

412* 

487* 

480* 

405 

.353* 

-4 

105 

160* 

178* 

175* 

178* 

17!?* 

167* 

168 

199* 

247* 

242* 

195* 

161* 

-4 

no 

086* 

096* 

096* 

093* 

089* 

087* 

089 

:09* 

138* 

1.37* 

109* 

087* 

-4 

30  Degrees  N 

' 

■ 

^77 

V_'.‘ 

90 

IH4* 

187 

188 

212 

199 

183 

170 

189 

200 

202 

192 

194 

-3 

.  95 

778* 

784 

789 

873* 

819 

737* 

688 

7% 

872 

876 

826 

822 

-4 

ino 

345* 

.357 

3.54 

380* 

.351* 

327* 

317 

359 

404 

413 

384 

368* 

-4 

105 

163* 

171* 

169 

172* 

163* 

156* 

153 

171 

199* 

207* 

192* 

173* 

-4 

lio 

084* 

091* 

089 

o;(9* 

084* 

084* 

083 

090 

107* 

116* 

106* 

09i* 

-4 

40  Degrees  N 

' 

• 

90 

190* 

191 

187 

198 

181 

156 

145 

158 

166 

172 

175 

191 

-3 

.V; 

95 

833* 

814 

785 

813 

700 

577 

569 

660 

721 

751 

774 

849* 

-4 

100 

379* 

366 

3-54 

359 

30f. 

260 

262 

30! 

328 

343 

.365 

.393* 

-4 

105 

177* 

174* 

167 

165 

145 

127 

1.32 

145* 

158* 

172  ' 

18.3* 

188* 

-4 

no 

899- 

908* 

885 

858 

784 

719 

725 

748* 

823* 

928* 

988* 

962* 

-5 

V*  *. 

50  Degrees  N 

>  % 

» »> 

90 

191* 

192 

191* 

192* 

169* 

141 

131 

140 

1.50 

1.58 

169 

185 

-3 

95 

873* 

843* 

8134  • 

769* 

619* 

480 

479 

567 

633* 

694 

772 

867* 

-4 

100 

401* 

.377" 

.365* 

.348* 

276* 

214 

218 

255* 

280* 

310 

364* 

412* 

-4 

105 

190* 

179* 

174* 

167* 

1.35* 

108 

no 

122* 

131* 

151* 

180* 

210* 

-4 

no 

939* 

929* 

93'* 

923* 

785* 

640 

626 

629* 

656* 

778* 

933* 

992* 

-5 

60  Degrees  N 

90 

174 

175 

182* 

184* 

170* 

145* 

131 

1.34 

153 

169 

178* 

179 

-3 

95 

813* 

792* 

784* 

754* 

622* 

489* 

458* 

504 

619* 

7,37 

819* 

841 

-4 

100 

37f.’ 

359* 

355* 

.341* 

,  280* 

216* 

198* 

216* 

265* 

325 

386* 

405 

-4 

^  s 

105 

181* 

174* 

177* 

176* 

145* 

il2* 

101* 

102* 

119* 

l.V>* 

184* 

195* 

-  4 

no 

089* 

090* 

098* 

102* 

089* 

069* 

058* 

052* 

056* 

072’ 

091* 

095* 

-4 

'yl; 

£1 

14-35 
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TaNc  14-1? 


km 

Jan 

Feb 

•Mar 

Apr 

May 

Jun 

Jul 

Aug 

Sep 

Oct 

Nov 

Dec 

N 

70  Degrees 

N 

90 

158 

\yy 

14b* 

158* 

170* 

I.A2* 

1.55* 

1.58 

Ib4* 

170* 

17b* 

Ib2 

-5 

95 

M6* 

«X)* 

M5* 

b58* 

W9* 

52b* 

4.Sb* 

489  ‘ 

b.58* 

755* 

811* 

7b4* 

-4 

too 

,M)I* 

218* 

298* 

.V>5* 

TgT* 

2.50* 

191* 

199* 

2bl* 

51b* 

.572* 

.5bl* 

-4 

105 

l-’.s* 

155* 

15.5* 

Ib4* 

162* 

124* 

098* 

091* 

no* 

1.59* 

174* 

172* 

,4 

no 

070* 

071* 

08b* 

099* 

KX)* 

077* 

05b* 

045* 

(M8* 

Obi* 

081* 

tl82* 

4 

*DjIj  Ijkkin^  H  e  .  Vc>v  (h4n  ilot^  nmntv  -Aifhin  aNnit  iKic  munlh  inJ  lo  laiiitMicrl 
VaJuot  ipplv  h'  {he  tir4  Ja\  of  c».h  nuKilh 


14.2.2.4  Refrrmer  AtmoKphms  Above  120  lum.  Thev 
3im»Kphcre>  are  based  on  a  rept'fi  by  Jacchia  |  I'i7l  |  Pre¬ 
vious  (hermosphenc  models  that  assumed  a  single,  eonstani 
set  of  Nxindary  conditions  at  120  km  did  ivil  accurately 
represent  sanations  in  pi\>perties  in  the  altitude  regu«  1 20 
to  180  km.  To  attempt  to  remedy  this  problem,  lacchia 
lowered  the  Nnindary  to  90  km  ssherc  it  is  kn«mn  that  there 
IS  an  approximate  isopycnic  (constant  density  i  layer,  al¬ 
though  the  temperature  shosss  important  sanations.  In  his 
models,  ail  temperature  profiles  start  from  a  constant  value 
18.^  K  at  90  km  He  did  not  print  out  the  model  salues 
below  1 10  km  m  order  to  disregard  the  less  accurate  region 
The  follow ng  are  the  ma(»>r  types  of  sanation  of  prop¬ 
erties  of  the  thermosphere: 

I.  Vanations  with  the  solar  cycle 
2  Vanations  with  daily  changes  in  s«ilar  activity 
y  Oiumal  and  semidiurnal  vanations 
4  Atmosphenc  response  to  storms  of  sanous  kinds 
y  Semi-annual  sanation 

6  Seassmal-latitudinal  vahatums  of  the  lower  ther¬ 
mosphere 

7  Ktfecis  of  large  scale  circulation 

8  Fluctuation:  ass*ici.ited  with  gravity  waves. 


f  14  M  Kc'Ufiw  jnirl’f'.kxJc  jrul  phux*  -»f  Jcnsifv  >4n4ri«i«  f»*f  the 

shumjl  ftsk  4f  'O  jfKl  {jl.tuJi’  ufxkr 

■  l,.*ftsltlfst«s 


The  nisxlels  described  in  this  section  include  Nith  hmg  and 
stuiit  term  solar  activity  effects  and  diurnal,  but  n<8  semi¬ 
diurnal.  sanations.  Atmospheric  response  to  storms  is  rep¬ 
resented  ir  teiDis  of  Kp.  the  .'-h  getmiagnetic  planetary 
ind«-x  This  provnJes  reasonable  representation  of  the  re- 
sp-iTfse  to  insist  sioniis  but  ihH  all  For  example  the  Auroral 
F'lectiogt  i.AHi  index  is  better  lor  high  latitude  response, 
both  because  u  prov  ides  a  better  nwasure  of  the  change  in 
energy  input  in  that  region,  and  because  of  its  much  smaller 
tinx’  .esoluiion  I'nfiirtunately.  salues  «vf  the  AH  index  are 
rMM  always  available 

The  average  semi-annual  sanation  is  reasonably  m<xl- 
eled.  but  It  must  he  psvnted  out  that  the  amplitude  of  this 
effect,  whsise  cause  is  not  ciKtipIclels  utiocrsuvxl.  varies 
from  year  to  year  TIk."  •e-’i‘.<vi:i!  i.a.tudi.'.'i  variations  of '.ne 
low  tr  thernHisphere  are  rnod  ’icd.  except  for  an  empirical 
e-.pression  for  density  but  ret  tempeiatirc  cnange  ..  Cham¬ 
pion  jCOH.S.A.  I9hh|  developed  a  limited  set  of  models  for 
this  p-irtion  of  the  atnuisphere.  but  further  nHxlelmg  efforts 
have  been  delayed  becau-a;  of  a  lack  of  information  on  the 
systematic  variations  of  this  part  of  the  atmosphere.  .At¬ 
tempt'  have  bi‘en  made  to  iiHHlel  empirically  some  of  the 
eflects  of  large  scale  circulation  which  prin*arily  affect  the 
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composition  of  :he  thermosphere.  For  example,  the  strong 
increa.se  in  helium  concentration  above  the  winter  pOie  (the 
helium  winter  bulge)  is  a  result  of  large  scale  circulation, 
which  causes  preferential  traiisport  of  lighter  constituents 
away  from  the  summer  hemisphere.  Density  and  compo¬ 
sition  fluctuations  caused  by  gravity  waves  are  not  modeled. 

The  tables  in  this  section  are  given  with  the  exospheric 
temperature  as  the  defining  parameter.  To  determine  the 
exospheric  temperature  for  a  particular  linie  and  location 
the  following  equations  ate  used.  The  temperature  Tc  is  the 
global  night-time  minimum  o*^  the  exospheric  temperature 
when  Kp  is  zero. 


where  Ti>  is  the  maximum  daily  temperature  and  Tn  is  the 
minimum  daily  temperature.  R  is  a  coefficient  with  a  value 
of  approximately  0.3, 

H  =  1/2  I  4>  -  5..  I 

e  =  1/2 1  d.  +  I 

where  d>  is  the  latitude  and  is  the  sun's  declination.  A 
value  of  2.2  can  be  used  for  m. 

For  Kp  above  zero  the  exospheric  temperature  is  in- 
crea.scd  by 


T.  =  379  -I-  3.24  F,o.  +  F3(F,.,,  -  F,„,)  (14.18) 


where  F,,.  ^  is  in  units  of  10  W  m  '  Hz  '.  The  diurnal 
vanation  of  the  exospheric  temperature  can  be  represented 
by 


Td  =  (I  -r  R  cos^Tj) 
Tn  =  T.  (1  +  R  sir.^e). 


(14.19) 


AT.  =  28  Kp  +  0.08  exp  Kp  .  (14.20) 

Formulas  to  give  the  exospheric  temperature  at  any  time  of 
day.  to  include  the  effect  of  the  semi-annual  variation,  and 
to  include  the  winter  helium  bulge  are  given  in  the  reference 
(Jacchia,  1971). 

Table  14-14  contains  model  values  of  kinetic  tempera¬ 
ture.  logarithms  of  the  concentrations  of  Nj.  Oj,  O.  Ar, 
He.  and  H.  mean  molecular  weight,  and  density  as  functions 
of  altitude  for  exospheric  temperatures  ranging  from  SOO  to 
1600  K. 


Tjbic  i-l-14  AimuAphenc  icmpcrilure.  JenMls  and  awnpcHiiKKi  as  functkicts  of  hetghi  eaosphcnc  lemperature 


Heigh* 

km 

Temp 

K 

LogNiN.)  1  ogN(0;) 
tn  tn 

LogN(O) 

m' 

LogNtAr) 
tn  ' 

LogN(HE) 
m  ' 

LcgN(H) 

m' 

Mean 
Mol  Wt 

Density 

kg/m’ 

Exospheric  Temperature  =  .^K)  K 

120 

267  1 

17  5.36 

16  672 

17  169 

15  073 

:3.579 

25.10 

2.25E-08 

I.W 

328  .3 

16  981 

16  051 

16.814 

14. 320 

13.457 

23.74 

6.80E-09 

140 

.378  8 

16.5.31 

15  :4.5 

16  5.30 

13.704 

13  36.3 

22.51 

2.67E-09 

I.M) 

411  9 

16  149 

15  114 

16.2% 

13  174 

13.291 

21.39 

I.25E-09 

160 

4.33.1 

15.804 

14.72.3 

16.089 

12  691 

1.3.231 

20,40 

6.5IE-  10 

180 

4.57  7 

15  170 

14  002 

15.717 

11.798 

13  129 

18.78 

2.I3E-I0 

200 

471  4 

14. 576 

13.325 

15.372 

10.956 

13.0.38 

17.62 

8.13E  -  11 

2.‘*0 

488  1 

1.3.169 

II  721 

14.562 

8  9.56 

12.8.30 

15.79 

1.0.5E  -  II 

.300 

494  6 

11.82.3 

10  184 

13.791 

7.0.39 

12  6.35 

13.30 

I.72E-  12 

3.V) 

497.3 

10  512 

8  686 

1.3.041 

12.446 

8.33 

3.29E-  13 

400 

498  5 

9.226 

7.218 

12. .306 

12.262 

3.82 

8.I0E-14 

.SOO 

499  5 

6  718 

10.873 

11903 

12.860 

1.44 

I.94E-I4 

600 

499  8 

9.484 

1!  .555 

12.772 

1.19 

I.24E-  14 

80t) 

499  9 

6.822 

10  889 

12  604 

1.06 

7.24E-  15 

l(X)0 

.500  0 

10.260 

12.445 

1.03 

4.79E-  15 

1500 

500.0 

8.827 

12.084 

I.OI 

2.04E-  15 

2000 

.500  0 

7.565 

11.767 

1.01 

9.78E-16 

t 

Extrspheric  Temperature  =  600  K 

120 

285.2 

17  .549 

16  690 

17.165 

15  103 

1.3  567 

25.21 

2.30E-08 

1.30 

.3.59.6 

17  018 

161)98 

16,818 

14  .389 

13  443 

23.98 

7.29E-09 

140 

42.3  6 

16  597 

15  627 

16  .547 

13  8n 

1.3  349 

22.87 

3  OOF. -09 

I.SO 

468  4 

In  246 

15  232 

16  .328 

13.'.36 

■  13.278 

21.89 

I.48E-09 

160 

498  6 

15  9.37 

14  88.3  ■ 

16.140 

12.906 

13.221 

20.99 

8.I0E-  10 
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Tabk  14-14  iCtmtinurd) 


Height 

km 

Temp 

K 

LogN(N:) 

m' 

LogNlO;) 
m  ' 

LogN(O) 

m' 

LogN(Ar) 

m“' 

LogN(HE) 

m-' 

LogN(H) 

m-’ 

Mean 
Mol  Wt 

Density 

kg/m’ 

180 

534.9 

•«.381 

.14.252 

■  15.809 

12.127 

13.127 

19.49 

2.93E-10 

200 

555.8 

1 3.869 

13.670 

15.510 

11.404 

13.046 

18.35 

!.23E-10 

250 

581.6 

13.676 

12.310 

14.820 

9.711 

12.866 

16.67 

1.99E-11 

300 

591.6 

12.546 

11.021 

14.171 

8.103 

12.701 

15.72 

4.15E-12 

350 

595.8 

11.450 

9.769 

13.544 

6.54: 

12.543 

14.41 

9.69E-13 

400 

597.7 

10.377 

8.543 

12.931 

12.389 

11.79 

2.46E-13 

500 

599.2 

8.285 

6.154 

11.735 

12.090 

12.126 

4.81 

2.49E-14, 

600 

599  6 

6.257 

10.577 

11.800 

12.053 

2.37 

7.08E-15 

800 

599.9 

8.359 

11.245 

11.913 

1.54 

2.54E-15 

l(^ 

600.0 

6.262 

10.720 

11.780 

1.25 

1.36E-15 

1500 

600.0 

9.525 

11.484 

1.04 

5.27E-16 

2000 

600.0 

8.474 

•1.215 

l.Ol 

2.76E-16 

Exospheric  Temperature  =  /OO  K 

120 

300.5 

17.559 

16.705 

17.161 

15.126 

13.558 

25.29 

2.35E-08 

130 

386.2 

17.046 

16.1.34 

16.821 

14.440 

13.4.33 

24.15 

7.67E-09 

140 

462.0 

16.644 

15.686 

16.558 

13.900 

13.338 

23.14 

3.27E-09 

150 

518.2 

16.315 

15.317 

16.349 

13.452 

13.267 

22.24 

1.67E-09 

160 

557.8 

16.029 

14.995 

16.172 

13.0.58 

13.211 

21.43 

9.46E-10 

180 

607  5 

15.526 

14.426 

15.869 

12.357 

13  122 

20.03 

3.67E-  10 

200 

636.8 

15.072 

13.910 

15.601 

11.718 

13.047 

18.92 

1.65E-10 

250 

673.5 

14.030 

12.723 

14.995 

10J42 

12.886 

17.15 

3.I6E-11 

300 

688.0 

13.054 

11.610 

14.4.34 

8.854 

12.742 

16.24 

7.80E-12 

350 

694.0 

12.111 

10.533 

13.894 

7.511 

12.606 

15.5.3 

l.’iE-n 

400 

696.8 

11.189 

9.481 

13.. 367 

6.198 

12.473 

14.50 

6.46E-13 

500 

698  8 

9.395 

7.431 

12.3^1 

12.216 

11.559 

10.02 

6.99E-14 

600 

699.5 

7.656 

11. 348 

11  %8 

11.4% 

5.19 

1.26E-14 

800 

699.8 

9.446 

1 1  492 

11. 376 

2.77 

2.54E-15 

1000 

f')9.9 

7.649 

11.042 

11. ->63 

2.13 

1.04E-15 

1500 

7(X).0 

10.018 

11.005 

1.29 

2..39E-16 

20fK) 

700.0 

9.117 

10.778 

1.07 

1.09E-  16 

Exmphcric  Temperature  =  8(K)  K 

120 

313.5 

,  17. .567 

16.7i6 

17.158 

15  145 

13  5.50 

25.. 35 

2..39E-08 

130 

408  8 

17.067 

16  162 

16.823 

14.481 

13.424 

24.28  , 

7.99E  -09 

140 

495.1 

16.680 

1.5.731 

16  566 

1.3.964 

1.3  .329 

2.3  ,35 

.3.50E-09 

150 

562.1 

16  366 

15. 380 

16  36.3 

13.5.39 

1.3.258 

22..S2 

1.82E-09 

160 

611.3 

16.096 

15.078 

16  194 

13.171 

1.3.202 

21.77 

1.06E-09 

180 

675.4 

15.6.32 

14  55.3 

15.910 

12.526 

1.3.115 

2C.46 

4..34E-  10 

20') 

714.4 

I5.2i8 

14.084 

15.664  ■ 

1 1 .948 

1.3.(U4 

19. 39 

2.06E-  10 

250 

764  0 

14.288 

1.3.026 

15.120 

10  633 

12.897 

■ 

17. .57 

4.46E  -  11 

300 

783.7 

13.427 

12.043 

14  62.3 

9.410 

12.769 

16.59 

1.2.5E  -  11 

350 

791.9 

I2..‘i98 

1 1 .098 

14.148 

8.2,30 

12.648 

15% 

.3.96E  -  12 

4(,H1 

795.6 

11.791  , 

10.175 

13.686 

7.079 

12.532 

15.33 

1..34E-  12 

5(K) 

798  4 

10.219 

8. 381 

12.788 

12. 307 

1 1 . 108 

12.86 

1.77E-  13 
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Table  14-14  iCorninufd) 


Height 

km 

Temp 

K 

LogNfN.) 

m' 

LogN(0:) 

m-’ 

LogNlO) 

m-' 

LogN{Ar) 

m-" 

LogN(HE) 

m"^ 

LogN(H) 

Mean 
Mol  Wt 

Density 

kg/m’ 

Exospheric  Temperature  =  800  K 

600 

799.3 

8.697 

6.642 

11.918 

12.089 

11.053 

8.43 

3.04E-14 

800 

799.8 

10.254 

11.673 

10.948 

3.92 

3.75E-15 

1((00 

799.9 

8.681 

11.279 

10.849 

3.22 

1.39E-15 

1500 

800 

10.383 

10.623 

2.10 

2.31E-16 

2000 

800.0 

9.594 

10.425 

1.39 

7.06E-17 

Exospheric  Temperature  =  900  K 

120 

324.7 

17.574 

16.726 

17.156 

15.160 

13.544 

25.41 

2.41E-08 

130 

428.4 

17.084 

16.184 

16.825 

14.513 

13.417 

24.39 

8.25E-09 

140 

523.9 

16.708 

15.766 

16.572 

14.013 

13.321 

23.51 

3.68E-09 

150 

600.9 

16.404 

15.428 

16.373 

13.606 

13.249 

22.73 

1.95E-09 

160 

659.6 

16.147 

15.140 

16.209 

13.257 

13.193 

22.03 

1.16E-09 

180 

738.9 

15.710 

14.648 

15.938 

12.654 

13.107 

20.81 

4.93E-10 

200 

788.5 

15.328 

14.216 

15.708 

12.122 

13.039 

19.79 

2.44E-10 

250 

352.9 

14.483 

13.255 

15.21! 

10.931 

12.902 

17.97 

5.83E-il 

300 

878.6 

13.710 

12.374 

14.764 

9.835 

12.786 

16.91 

1.80E-1! 

350 

889.3 

12.971 

1 1 .530 

14.339 

8.783 

12.678 

16.26 

6.29E-12 

400 

894.2 

12.251  , 

10.709 

13.927 

7.758 

12.574 

15.74 

2.36E-12 

500 

897.9 

10.853 

9.112 

13.128 

12.373 

10.741 

14.22 

3.76E-13 

600 

899.0 

9.500 

7.566 

12.355 

12.179 

10.692 

11.08 

7.04E-14 

800 

899.7 

6.910 

10.876 

11.809 

10.599 

5.03 

6.35E-  15 

1000 

899.9 

9.478 

11.459 

10.511 

3.81 

2.05E-15 

1500 

900.0 

6.294 

10.663 

10.310 

3.08 

3.40E-16 

2000 

900.0 

9.962 

10.133 

2.21 

8.36E-17 

Exospheric  Temperature  =  1000  K 

120 

334.5 

17.579 

16.733 

17.154 

15.172 

13.539 

25.45 

2.44E-08 

130 

445.4 

17.098 

16.202 

16.826 

14.539 

13.411 

24.48 

8.47E-09 

140 

549.0 

16.730 

15.794 

16.577 

,  14.053 

13.315 

23.64 

3.84E-09 

150 

635.2 

16.435 

15.467 

16.381 

13.660 

13.242 

22.91 

2.06E-09 

160 

703.1 

16.187 

15.189 

16.220 

13.325 

13.186 

22.25 

1.24E-09 

180 

798.1 

15.770 

14.721 

15.959 

12.755 

13.100 

21.10 

5.44E-10 

200 

859.3 

15.413 

14.317 

15.741 

12.258 

13.034 

, 

20.13 

2.7SE-  10 

250 

940.2 

14.634 

13.434 

15.279 

11.164 

12.904 

18.33 

7.21E-  11 

300 

972.8 

13.932 

12.633 

14.872 

10.169 

12.796 

17.21 

2.40E-11 

350 

986.5 

13.263 

11.871 

14.488 

9.219 

12.698 

16.52 

9.09E-12 

400 

992.6 

12.614 

11.130 

14.116 

8.294 

12.604 

16.02 

3.69E-12 

500 

997.3 

11.355 

9.692 

13.396 

6.499 

12.423 

10.438 

14.94 

6.89E  -13 

600 

998.8 

10.137 

8.300 

12.699 

12.249 

10.393 

12.85 

1.45E-  13 

800 

999.6 

7.805 

11.368 

11.915 

10.309 

6.55 

1.17C-14 

1000 

999.9 

10.109 

11.601 

10.229 

4.24 

3.02E-I5 

1500 

1000.0 

7.244 

10.884 

10,049 

3.62 

5.28E-  16 

2000 

1000.0 

10.253 

9,890 

3.10 

1.32E-16 
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Table  14-14.  (Conumird) 


Height 

km' 

Temp 

K 

LogNlN,) 

m"’ 

LogNlO:) 

m-’ 

LogN(O) 

LogNfAr) 

m-’ 

LogN(HE) 

m"^ 

LogN(H) 

Mean 
Mol  Wt 

Density 

kg/m’ 

Exospheri?  Temperature  =  1 200  K 

120 

350,9 

17.587 

16.745 

17.150 

15.192 

13.530 

25.52 

2.48E-08 

130 

473.8 

17.119 

16.229 

16.827 

14.580 

13.401 

24.61 

8.82E-09 

140 

591.1 

16.7o4 

15.837 

16.583 

14.11'5 

13,304 

23.84 

4.09E  -  09 

150 

693.3 

16.481 

15.524 

16.391 

13.741 

13.231 

23.17 

2.24E-09 

160 

778.3 

16.245 

15.262 

16.235 

13.426 

13.173 

22.57 

1.37E-09 

180 

905.0 

15.857 

14.828 

15.085 

12.901 

13.087 

21.54 

6.28E-  10 

200 

991.4 

15.533 

14.463 

15.783 

12.455 

13.021 

20.65 

3.36E-10 

250 

1110.3 

14.851 

13.691 

15.373 

11.504 

12.901 

18.95 

9.84E-11 

300 

1159.1 

14.253 

13.011 

15.023 

10.655 

12.806 

17.79 

3.70E-11 

350 

1179.6 

13.691 

12.370 

14.699 

9.860 

12.722 

17.01 

1.57E-11 

400 

1188.9 

13.147 

11.750 

14.387 

9.087 

12.643 

16.47 

7.19E-12 

500 

1195.9 

12.096 

10.549 

13.785 

7.589 

12.491 

9.966 

15.67 

1.70E-12 

600 

1198.2 

1 1 .080 

9.388 

13.205 

6.140 

12.346 

9.929 

14.62 

4.46E-13 

800 

1199.4 

9.136 

7.169 

12.095 

12.063 

9.858 

10.17 

4.09E-14 

1000 

1199.8 

7.300 

1 1 .046 

11.806 

9.792 

5.74 

7.21E-15 

1500 

1200.0  . 

8.658 

11.208 

9.642 

3.96 

1.09E-15 

2000 

1200.0 

6.557 

10.682 

9.509 

3.82 

3.25E-16 

Exospheric  Temperature  =  1400  K 

120 

364.1 

17.593 

16.754 

17.)47 

15.207 

13  523 

25.57  , 

2.51E-08 

130 

496.8 

17.134 

16.250 

16.827 

14.611 

13.393 

24.71 

9.10E-09 

140, 

625.2 

16.789 

15.869 

16.587 

14.160 

13.296 

23.99 

4.29E-09 

150 

740.8 

16.514 

15.566 

16.398 

13.800 

13.222 

23.36 

2.38E-09 

160 

841.0 

16.286 

15.313  , 

16.245 

13.498 

13.163 

22.81 

1.48E-09 

180 

998.5 

15.916 

14.901 

16.001 

13.003 

13.075 

21.86 

6.93E-10 

200 

1111.9 

15.613 

14.562 

15.809 

12.591 

13.009 

21.05 

3.82E-10 

250 

1274.4 

14.998 

13.867 

15.431 

11.738 

12.893 

19.45 

,  1.22E-10 

300 

1342.6 

14.473 

13.271 

15.122 

10.999 

12.807 

18  30 

5.00E-11 

350 

1371.4 

13.986 

12.716 

14.840 

10.309 

12.733 

17.48 

2.32E-11 

400 

1384.4 

13.518 

12.182 

14,571 

9.643 

12.664 

16.89 

1.15E-11 

500 

1394.3 

12.614 

11.151 

14.054 

8.356 

12.534 

9.62! 

16.09 

3.23E-r2 

600 

1397.4 

11.743 

10.155 

13.555 

7.113 

12.409 

9.588 

15.39 

9.98E-  13 

800 

1399.2 

10.077 

8.2.52 

12.603 

12.l7i 

9.528 

,  12.79 

1.17E-  13 

1000 

1399.7 

8.503 

6.454 

11.704 

1 1 .946 

9,471 

8,37 

1.93E-14 

1500 

1399.9 

9.658 

11.434 

9,342 

4.18 

1.93E-  15 

2000 

1400.0 

7,856 

10,983 

,  9.229 

3.96 

6.44E-  16 

Exospheric  Temperature  =  1600  K 

120 

375.4 

17.598 

16.762 

17,144 

15.219 

13,518 

25.62 

2.53E-08 

130 

516.4 

17. H7 

16.266 

16.827 

14.635 

13.387 

24,79 

9.32E-09 

140 

654.1 

16.808 

15.894 

16  590 

14.196 

13.290 

24.10 

4.4.5E-09 

150 

781.1 

16.540 

15.598 

16,404 

13.846 

13.215 

23.51 

2..50E-09 

160 

894.6 

16.318 

15.353 

16.252 

13.5.54 

13.155 

23.00 

1.56E-09 
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ATMOSPHERIC  TEMPERATURES,  DENSITY, 

AND  PRESSURE 

Section  15.1  i.l.  Grin(>orten,  A.J.  Kantor,  Y.  Izumi,  and  P.I.  Tattelman 
Section  15.2  A.J.  Kantor  and  A.£.  Cole  > 

Section  15.3  A.J.  Kantor  and  A.E.  Cole 


The  three  physical  properties  of  the  earth's  atmosphere, 
temperature  T.  density  p.  and  pressure  P  are  rciated  by  the 
ideal'  gas  law  P  =  p  TR  where  R  is  k.>'>wn  as  the  gas 
constant  for  air.  Except  for  the  one  thousandth  of  19  of  the 
atmosphere  by  mass  above  80  km.  various  gases  comprise 
the  atmosphere  in  eswntially  constant  proportions.  The  prin¬ 
cipal  exception  is  water  vapor  discussed  in  Chapters  16' and 
21. 


15.1  THERMAL  PROPERTIES,  SURFACE 
TO  90  KM 

In  the  following  sections  the  units  of  measurement  are 
metric.  Abbreviations  are  used  whenever  quantitative  mea¬ 
sures  are  presented.  The  temperature  is  in  degrees  Kelvin 
IK).  density  in  kilograms  per  cubic  meter  (kg/m'),  pressure 
in  millibars  (mb),  time  in  seconds  (s)  or  hours  (h).  length 
in  centimeters  (cm),  meters  (m)  or  kilometers  (km),  and 
speed  in  meters  per  second  (m/s)  or  kilometers  per  hour 
(km/h).  The  main  unit  of  energy  is  the  calorie  (cal); 

I  cal  =  4.1860  joules  (J) 

=  1.16.1  X  10  '  watt-hours  (Wh). 

For  energy  per  unit  area  an  additional  unit,  the  Langley  (L), 
is  introduced: 

I  L—  I  cal/cnr 
=  11.62  Wh/m- 
=  41.84  kJ/m-. 

The  main  unit  of  power  is  the  wat:  )W),  but  the  unit  of 
solar  power  per  unit  area  is  given  as  Langleys  per  hour 
(L'Hi  In  terms  ol  the  British  Ihermal  Unit  (BTD)  I 
L/H  =  L6H6  BTU  ■  ft  -  •  h 


15.1.1  Energy  Supply  and  Transformation 

The  prime  source  of  energy  that  produces  and  maintains 
atmospheric  motions  and  the  spatial  and  temporal  variations 
of  meteorological  elements  is  the  solar  radiation  intercepted 
by  the  earth.  In  comparison  with  solar  radiation,  other  en¬ 
ergy  sources  such  as  heat  from  the  interior  of  the  earth, 
radiation  from  other  celestial  bodies,  or  the  tidal  forces  of 
the  nvxrn  and  sun  are  pmctically  negligible.  Manmade  sources, 
.such  as  the  heat  island  of  a  city,  can  be  neglected  although 
their  by-products,  such  as  the  increasing  amounts  ot  carbon 
dioxide  in  the  atmosphere,  have  been  subjected  to  int  n.se 
scrutiny  in  recent  years  with  respect  to  heat  balance  and 
climatic  trends. 

The  rate  at  which  solar  energy  is  received  on  a  plane 
.surface  perpendicular  to  the  incident  radiation  out.side  of  the 
atmosphere  at  the  earth’s  mean  distance  from  the  sun  is  the 
solar  constant:  the  approximate  value  used  in  this  section 
is  2.0  L/min.  or  about  1400  W/m’.  (A  detailed  description 
of  the  solar  constant  and  its  empirically  determined  value 
is  given  in  Chapters  1  and  2.  The  rate  at  which  direct  solar 
energy  is  received  on  a  unit  horizontal  plane  at  the  earth’s 
surface  or  in  the  atmosphere  alxive  the  earth’s  surface  is 
called  the  insolation.  The  planetary  aihrdo.  which  is  the 
reflected  radiation  divided  by  the  total  incident  solar  radia¬ 
tion.  varies  primarily  with  angle  of  incidence  of  the  radia¬ 
tion,  the  type  of  surface,  and  the  amount  of  cloudiness.  On 
the  average.  .lOVt  to  409  of  the  incident  solar  energy  is 
reflected  back  to  space  by  the  cloud  suifaces.  the  clear 
atmosphere,  the  earth/air  interface,  and  particles  such  as 
dust  and  ice  crystals  suspended  in  the  atmosphere.  The 
remaining  609  to  709  of  the  solar  radiation  is  available  as 
the  energy  source  for  maintaining  and  driving  atmospheric 
processes. 

Less  than  twenty  years  ago  we  could  confidently  con¬ 
sider  the  earth  and  its  surrounding  atmosphere  as  a  self- 
contained  thenTKxlynamic  system.  No  maji'r  energy  changes 
in  the  system  w  ithin  the  ,10  to  1(K)  year  period  of  our  cli¬ 
matological  records  were  apparent.  Globally  there  had  been 
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no  obvious  systematic  short-term  change  in  ( I  >  heating  of 
the  earth's  surface  or  the  atmosphere.  (2)  the  intensity  of 
the  atmospheric  circulation,  or  (.^)  the  balance  betiscen 
evaporation  and  precipitation.  The  pnKesses  afftctiig  the 
internal  and  latent  heat  and  the  mechanical  energy  within 
the  earth-atmophere  system  had  appeared  virtually  bal¬ 
anced. 

Over  the  past  twenty  years  there  has  been  much  agtv 
nizing  by  many  experts  and  authors  over  the  possibility  of 
climatic  change.  Since  there  have  been  changes  in  the  cli¬ 
mate  throughout  geological  history,  it  is  inevitable  that  there 
will  be  long-term  and  large-scale  changes  in  the  future.  Man- 
pnxluced  ItKal  changes  through  the  use  of  fossil  fuels,  de¬ 
struction  of  forests  and  desertification,  irrigation  on  one. 
hand  and  drainage  of  swamps  on  the  other  hand,  urbani¬ 
zation  and  the  introduction  of  pollutants  in  the  air  ail  have 
telling  effects  on  liKal  climate.  The  broader  implications, 
however,  over  large  regions  and  over  decades  or  centuries 
have  been  the  subject  of  many  extensive  and  ongoing  in¬ 
vestigations  by  agencies  worldwide  with  only  one  univer¬ 
sally  accepted  conclusion.  The  carbon  dioxide  content  of 
the  atmosphere  is  increasing,  which  may  lead  to  a  global 
warming  |WMO.  I979|.  The  next  5  to  10  years  might  pro¬ 
duce  a  valid  prediction. 

A  consensus  among  climatologists  on  heating  or  ctwling 
of  large  regions  of  the  earth  or  changes  in  rainfali  patterns 
in  response  to  natural  or  manmade  influences  is  lacking. 
For  this  chapter  the  climate  is  considered  to  be  stationary 
stochastic.  It  is  stiKhastic  because  there  is  much  variability 
in  weather  events  aiid  conditions  that  can  be  fitted  into 
probability  distributions  assuming  partially  random  pro¬ 
cesses.  It  is  stationary  because  derived  statistics  or  param¬ 
eters.  such  as  averages  and  standard  deviation;;,  are  assumed 
to  be  unchanging.  Their  true  values  are  constant  and  are 
be.it  estimated  by  large  samples. 

' ,  The  main  features  of  the  global  energy  transformation 
arc  summarized  in  a  flow  chart.  Figure  15-1,  from  which 
the  relative  importance  of  the  major  energy  cycles  within 
the  earth- atmosphere  thermodynamic  system  can  be  deter¬ 
mined.  The  numerical  data  pre  sented  in  this  figure  are  useful 
for  various  quantitative  estimates.  For  example,  if  all  energy 
inputs  for  the  system  ceased  and  rates  of  energy  expenditure 
were  maintained,  the  reservoir  of  mechanical  energy  (mo¬ 
mentum)  would  be  depleted  in  about  days,  the  reservoir 
of  latent  heat  (precipitable  water)  in  about  12  days,  and  the 
reservoir  of  internal  energy  (heat)  in  afmut  1(X)  days. 

Although  an  absolutely  dry  and  motionless  atmosphere 
is  conceivable,  it  is  difficult  to  imagine  an  atmosphere  at 
zero  degrees  K.  It  is  perhaps  more  appropriate  to  interpret 
the  above  time  interv  als  as  fictitious  cycles  of  turnover  of 
the  atmospheric  properties.  The  relative  magnitudes  of  these 
life  cycles  show  that,  in  comparison With  rainfall  and  winds, 
temperature  is  the  most  conservative  and  will  exhibit  the 
relatively  smallest,  and  thus  most  regular,  temporal  and 
.spatial  large-scale  variation. 

The  solar  energy  input  into  the  atmosphere  at  any  one 


point  varies  during  the  earth's  n'tation  ah»)ut  its  axis  and 
revolution  about  the  sun  A  consistent  feature  of  this  vari¬ 
ation  on  a  global  scale  is  the  driving  force  produced  by 
differential  latitudinal  solar  heating  of  the  earth's  surface. 
The  reaction  of  the  atmosphere  to  the  solar  driving  force 
on  an  hourly,  a  daily,  or  an  annual  basis  is  observed  most 
easily  in  the  temperature  field  at  low  levels. 

,The  solar  energy  input  varies  according  to  season,  lat¬ 
itude.  orientation  of  terrain  to  the  incident  energy,  soil  struc¬ 
ture.  all  of  which  can  change  the  balance  between  the  in¬ 
coming  solar  and  sky  radiation  (  v/iorr  wave)  and  the  outgoing 
atmosphere-terrestrial  radiation  t/o/i.g  wave).  The  difference 
between  short-wave  and  long-wave  radiation  i;;  the  net  ra¬ 
diation.  Locally,  net  radiation  is  decreased  primarily  by 
atmospheric  moisture  (vapor  and  clouds)  Evaporation  of 
;  oil  moisture  diminishes  by  the  latent  heat  required  the  por¬ 
tion  of  net  radiation  available  for  heating  air  and  soil  at  the 
ground.  The  importance  of  moisture  in  establishing  general 
climatic  zones  is  shown  by  comparing  desert  climates  with 
adjacent  climates  at  roughly  the  same  latitude.  Table  15-1 
gives  the  effect  of  soil  moisture  on  the  heat  budget  of  the 
earth/air  interface. 

Slope.s  facing  sooth  receive  maximum  solar  energy.  Slopes 
facing  west  are  usually  warmer  and  drier  than  those  facing 
east  because  the  time  of  maximum  insolation  on  a  west 
slope  is  shifted  to  the  afternoon  when  the  general  level  of 
air  temperature  is  higher  than  in  the  forentxin. 

The  energy  balance  of  the  earth/air  interface  requires 
that  net  radiation  equals  the  sum  of  heat  fluxes  into  the  air 
and  soil  plus  :he  heat  equivalent  of  evaporation.  In  general, 
the  maximum  of  heat  flux  into  the  stvil  precedes  the  maxi¬ 
mum  of  heat  flux  into  the  air.  The  temperature  maximum 
at  standard  instrument  height  (about  1.8  m)  follows  the 
maximum  of  heal  flux  into  the  air  by  roughly  one  to  two 
hours. 


15.1.2  Surface  Temperature 

15.1.2.1  Official  Station  Temperature.  The  standard 
station  temperature  used  in  meteorology  |NWS,  I979|  is 
measured  by  a  thermonwier  cncl.'scd  within  a  white-painted, 
louvered  instrument  shelter  or  Stevenson  Screen  The  sheltei 
has  a  base  abv'Ut  I  m  ( 1 .7  to  2.0  m  in  Central  Europe)  above 
the  ground  and  is  mounted  in  an  open  field  (close-cropped 
grass  surface)  The  standardized  height  of  the  thermometer 
is  about  1.8  m.  The  shelter  permits  air  circulation  past  the 
thermometer  and  is  designed  to  exclude  direct  so|ar  and 
terrestrial  radiation.  However,  the  shelter  unavoidably  ab¬ 
sorbs  and  radiates  some  heat  energy  which,  although  min¬ 
imal.  causes  sone  deviation  of  the  thermometer  reading 
from  the  “true"  air  temperature  On  calm,  sunny  days  the 
recorded  daytime  shelter  temperature  will  normally  be  0.5 
to  1  K  higher  than  the  free  air  temperature  outside  the  shelter 
at  the  same  level.  On  calm,  clear  nights  it  will  most  likely 
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Figure  15-1  Global  mean  er>erg>  cyclo  »if  ihe  afmospbere.  All  value>  arc  rclalivc  lo  100  unils  ol  incoming  solar  radiation,  which  avenge  .^50  W  m-, 
or  1/4  of  the  siilar  constant  (Revised  from  LcUau.  1*^5431., 


be  ctKiler  b\  O,.*'  K.  Therefore,  the  thermometer  should  be 
artificially  ventilated.  Spatial  variations  of  the  ambient  air 
tempcra'ure.  especial!)  in  the  first  meter  abtnc  the  ground, 
are  dependent  upon  the  tvpe  of  still  and  ground  cover.  Gmund 
effects  decrease  with  height  and  for  this  reason  the  inter¬ 
national  standard  heights  of  temperature  measurement  arc 
a  compromise  between  suppressing  ground-cover  effeets 
and  mainiainine  ease  of  access. 


15.1.2.2  Daily  Temperature.  The  official  station  tem¬ 
perature  taken  every  hour  on  the  hour  mveals  a  fairly  regular 
diurnal  cycle.  This  is  true  despite  several  superimpcised 
phenomena  such  as  frontal  passages  and  thunderstorms 
Usually  there  is  u  temperature  maximum  in  midafternoon 
and  a  temperature  minimum  near  sunrise.  The  amplitude  ol 
the  diurnal  cycle  varies  with  location  and  season  from  as 
little  as  I  K  to  more  than  17  K. 
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TaSc  Shttri  vkavc  ridiaiHtt.  (in  hiHi/imtit  plane,  net  radiatuin.  and  eVimited  aw^tiiueniv  of  heat  budget  at  the  canhair  interface  showing  effect 

«>f  diticrence  in  mmI  nxHvture  cau%ed  b)  iairi>  before  August  and  a  dr>  spell  befttre  7  September  195.'^  (DavKlson  and  Ijettaii.  !957| 
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••Mean  soil  ojoisiurc  to<>  lo  10  cm  layer  abmit  4^  (sci  weight  basis 


The  ;innuut  c>elc  ol\lail>  mean  tcmperalure  ranges  frtim 
praeiiealK  /eri>  near  the  equator  to  as  much  as  40  K  in  the 
temperate  /one.  As  an  example.  Figure  15-2  shows  tem¬ 
peratures  at  llanscom  .AFB.  Mass.  The  middle  curs’e  reveals 
the  annual  cycle  ot  the  daily  mean  temperature  (actually  the 
monthK  mean  is  plotted!  and  shows  an  annual  range  of  25 
K.  The  diumal  range  given  here  by  the  difference  between 
mean  daily  maximum  and  minimum  in  Figure  15-2.  is  fairly 
uniform  throughout  the  year,  averaging  12  K. 

.Supcrimpo'cd  on  both  the  diurnal  and  the  annual  cycles 
of  tenifvrature  are  many  influences  including  cloudiness, 
precipitation,  wind  s|K‘ed  and  direction,  type  of  soil,  ground 
cover,  and  aeri>dynamic  roughness  of  the  terrain.  In  the 
example  of  Figure  15-2.  there  is  a  range  froth  the  uppermost 
Ks  of  the  daily  maximum  to  the  low'-rmost  IT  of  the  daily 
minimum  that  is  times  the  mean  diumal  cycle  The  stan¬ 
dard  deviation  of  hourly  temperature  averages  5  K.  The 
range  from  the  uppermost  IT  of  the  maximum  temperature 
of  the  hottest  month  to  the  lowermost  IT  of  the  minimum 
temperature  of  the  coldest  month  in  Figure  15-2  is  about 
2  12  times  the  mean  annual  cycle. 

The  pattem  of  surtace  temperature  varies  with  geo¬ 
graphic  ItKation  This  is  illustrated  by  the  statistics  of  some 
widelv  scattered  stations  and  even  by  the  statistics  of  neigh¬ 
boring  stations  (Table  15-2)  The  annual  mean  temperature 
is  generallv  lowest  in  the  polar  regions  and  highest  in  the 
eciuatonal  belt  In  addition,  the  mean  temperature  decreases 
generallv  with  elevation.  The  diumal  range  is  greatest  in 
desert  climates  and  least  in  oceanic  or  maritime  climates. 
The  mean  annual  range  tends  to  be  greatest  in  temperate 
climates  and  least  in  equatorial  climates. 

In  polar  regions,  where  continuous  darkness  (daylighti 


endures  for  several  months  of  the  year,  the  24-h  cycle  is 
minimal  and  the  small  diumal  variations  are  controlled  pri¬ 
marily  by  changing  winds  and  cloudiness,  in  summer,  nearly 
all  of  the  sc  lar  energy  is  expended  in  melting  ice;  hence, 
the  maximum  temperature  seldom  exceeds  273  K.  Extra- 


Figure  15-2  Surface  lemperature  at  Hanwom  AFB.  Mass  Ihnnighoul 
ihe  year 
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TaMe  15*3  Temperatures  at  vantius  siatMUis  aniur  t  the 
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tropical  regions  characteristically  have  distinct  diurnal  and 
annual  cycles.  These  cycles  are  superiiyiposed  over  tem¬ 
perature  variations  caused  by  shifting  air  masses  and  frontal 
passages.  In  tropical  regions,  the  diurnal  range  rarely  ex¬ 
ceeds  6  K 

Depending  on  circumstances  and  ground  characteristics, 
the  surface  air  temperature  could  differ  by  several  degrees 
over  short  distances  ranging  from  a  fess  meters  to  a  few 
kilometers.  Also,  vertical  temperature  variations  are  ob¬ 
served  fnim  a  few  millimeters  absne  the  ground  to  the  top 
of  the  instrument  shelter.  On  windy,  cloudy  days  or  nights, 
the  differences  between  thermometer  readings,  within  short 
distances  of  one  another  in  either  the  horiitonta!  or  the  ver¬ 
tical.  will  be  minimal.  In  high  temperature  regimes,  how¬ 
ever.  with  a  bright  sun  and  light  winds,  the  ground  surface, 
especially  if  dry  sand,  can  attain  temperatures  17  to  K 
higher  t.ban  the  free  air.  The  temperature  of  air  layers  w  ithin 
a  few  centimeters  of  the  surface  will  differ  only  slightly 
from  the  ground,  but  the  decrease  wiih  height  is  rapid.  The 
temperature  0.5  to  I  r.i  above  the  ground  will  be  only 
slightly  warmer  than' that  observed  in  the  instrument  shelter 
at  1  or  1.5  m  above  the  ground  Conversely,  on  calm,  clear 
nights  the  ground  radiation  can  produce  a  temperature  in¬ 


version.  as  much  as  4  or  5  K.  in  the  a>r  w  ithin  several  feet 
of  the  ground. 

The  induced  temperature  in  military  equipment  exposed 
to  the  sun's  heat  will  vary  greatly  with  physical  properties 
such  as  heat  conductivity,  mtlcctivity .  capacity,  and  type 
of  exposure.  Surlacc  and  iniemal  temperatures,  such  as  am 
induced  In  a  boxcar,  make  the  reading  of  the  shelter  ther¬ 
mometer  only  the  beginning  of  the  engineering  problem 

Table  15-2  is  only  an  initial  guide  to  the  effects  of 
various  intiuences  on  station  tcmix’ralure.  IX'tailed  temper¬ 
ature  information  should  be  obtained  from  the  climatological 
record  of  each  station  or  of  stations  close  by.  The  latter 
should  be  modi  lied  for  the  intiuences  of  terrain  proximity 
to  water,  and  elevation. 

5. 1.2.3  Horizontal  Kxtent  of  Surface  Temperature. 

Horizontal  diflerences  in  surface  temperature  can  arise  both 
from  large-scale  weather  disturbances  ,md  from  lixal  intiu¬ 
ences  Weather  disturbances  such  as  cold  and  warm  tronts. 
thunderstorms,  and  squall  lines  account  for  unsystematic 
changes  in  the  horizontal  temperature  gradient  Sonuniform 
radiational  heating  and  ciHiling  of  the  ground  also  contribute 
to  turbulent  mixing,  cloudiness,  anil  vertical  motions  in  the 
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LikuI  C'ufKli!n»nN 

fFirizoiilal  Seale 
iknii 

Temperature  Differences 
IKI 

(Tianjies  in  Air  Mass 

l.^f  to  IbiNI 

3  M  22 

1  5Aealher  Fronts 

16  to  IMt 

3  to  22 

i  .Squall  l.iiK-s 

K  to  Ml 

3  to  17 

Thunilersloriiis 

H  ti*  24 

3  to  17 

;  Sc4  Hroc/cv 

K  to  lb 

1  to  1 1 

l.and  Breezes 

to  « 

1  to  6 

l«mcr  trt>p<>Nphciv,  rc'^uliini;  in  ci»nNtanil\  chant:ini.‘  lom- 
pcr.iiurcN  ai  the  Mirl;KO. 

Mtiri/.Hit.il  ir.r)\p<»rt  h>  air  turrvnis.  rclcrxcd  t<'  as  ad- 
vi'cinifi,  IS  a  lkc\  lasior  in  surfasv  lfni[XTaiurv  dil<  .Tcnics 
l-arj;c-siak'  advivlu>n  will  brinj;  hiHh  the  rclali\ch  dr\  Cidd 
arctic  air  inass<‘s  aiKl  the  rclativcK  iiknst  viaiiii  fiipical  air 
nussc-s  altcrnati  l\  to  the  teni|vrature  /ones  rh'«  can  pro¬ 
duce  larcv  eharicvs  in  the  da\  's  nwan  and  the  di  .imal  ranjtc 
of  tenii^ratiire 

Table  15-  '  eives  estimates  ol  surface  temperature  dil- 
leienc'es  oxer  cars  me  horizontal  distances  assiviated  with 
seceral  kinds  of  weather  phenomena  l.aree-'cale  difter- 
enees  are  greatest  in  winte'  due  to  the  more  substantial 
dillerential  healinp  he  solar  radiation  from  ec|>;alor  to  pole 
and.  e<>nsec|iientl> .  the  more  intense  laree-se;-le  motion  of 
the*  atmosphere  In  summer  the  north-south  eradients  in  solar 
invdation  are  much  less.  bu»  the  eereral  increase  in  the 
amount  x/f  insolation  result-  in  more  thuiulei  storms  and  other 
air-mass  aeti\it\ . 

SNstematie  differences  in  the  surface  temperature  be¬ 
tween  nei  jhKirin;.'  stations  are  due  to  live  prime  factors:  ( 1 1 
aspect  or  orientation  of  the  terrain  with  respect  t»i  incident 
vilar  radiation.  (2i  tvpe  of  surtaee  structure  and  of  soil  cover 
undeilvine  the  stations,  i.'i  proximilv  to  the  iiuKleratine 
iniUiences  of  laree  water  btKlies.  i4i  elevation,  and  (.‘'i  dif¬ 
ference  in  solar  time  lor  stations  that  are  several  hundred 
kil-mieters  apart.  Sometimes  the  topiieraphv  permits  "pools" 
of  cold  air  to  drain  liKallv  at  niehl  into  tower  basins  or 
vallevs  .Also  nonunitorm.  ilisfribution  of  water  vapor  anti 
cloudiness  will  result  m  iinever.  distributions  of  short-wave 
anti  It'ne.-vvave  ratli.ilion  aiul.  etnisequenliv .  uneven  etHtline 
anil  heatin;.'  at  the  suri.ice 

A  striking  example  i>f  local  inlluenees  on  surface  tern 
perature  eradients  is  lounil  in  the  tempe-rature  contrasts  be¬ 
tween  cities  and  ihe  surrouiuline  eountrvside  I'he  shellerine 
ctleci  of  builtlinc's.  their  heat  siuraee.  products  ol  fuel  com¬ 
bustion.  sino^'.  rain  water  tir.iinaee.  anti  snow  rennwal  ail 
act  ttv  make  the  ciiv  a  relative  he.il  source  I'hus.  the  eitx's 
niehtiv  miRimum  lempcTaUire  niiehl  be  5  to  14  K  hieher 
th.in  that  ol  surioutuline  suburbs  As  another  example,  in 
hilK  or  mountainous  terrain  the  vallev  lltnir  could  have  a 
diiimai  tem|vralure  ranee  2  to  4  times  as  treat  as  that  over 
the  peaks,  anti  a  tempcT.iture  minimum  from  .>  to  17  K 


lower  .-Mstv.  souk-  pronounced  horizontal  temperature  gra¬ 
dients  txeur  aloni!  coastlines  in  temperate  latitudes  due  to 
the  eot'hnj:  elleci  of  coastal  sea  bre’e/es 

(ienerallv.  temperatures  between  two  stations  become 
more  independent  ol  one  another  with  inea’asine  distance 
iTieure  l5-.'i  One  model  curve  |(irin}:orten,  1*^791  for  rti- 
tine  the  correlation  eivftieient  p  as  a  lunetion  of  distance  s 
hetwe-en  stations  is  piven  by 


p  -  '|ieos  '  of  -  \  I  -  a’l  .  (I.S.O 
ir 

where 


where  r  is  the  iiuKlel  parameter  and  is  in  the  same  units  as 
the  distance  s.  T  he  'alue  of  r  is.  in  fact,  the  distance  over 
which  the  eorrelatu'n  civl'lieient  is  O.W,  For  the  curve  in 
Fijiure  15-.'.  r  -  17.7  km.  N\'hilc  this  curve  could  be  titled 
by  other  iiiikIcIs.  the  piven  mtHlel  curve  has  the  quality  that 


I  l^tuc  |X  I  the  ^ojrel.ilioii  ..vlluieiil  iItx-  J.iilv  nK'jn  lcni|XT.itun‘  »'1 
Columbus  Ohio  wiih  !h.»l  «*»  niiK*  olher  I  S  sUtlK>ns  al 
•nxlKaU'kl  itjsijtfccs  lrt>m  Cohimbus 
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the  ciirrclaiuHi  ctx'llicicnl  decrcuscx  ctponcniiall)  vbith  <ii\- 
laiKC  hcivkccn  Maiums  for  the  hi>.t  few  kilometers  of  sep¬ 
aratum  Eventuall> .  the  conelatum  e<K‘ffieicnt  Jrops  to  /tn> 
at  distance  l2Kr 

In  the  L'nited  States  the  separation  hetween  weather 
stations  averages  about  IN)  km.  with  the  exception  of  the 
eastern  states  when-  it  is  .M)  to  K()  km  The  n>oi  nwan  s^u■ue 
difference  of  temperatures,  as  a  functi.m  of  the  coirelation 
cuefticient  p  belwcx-n  two  stations  is  approximated  hy 


rmsd  -  s  S  2i  I  -  p).  (15  .^) 

where  s  is  the  standard  desiation  of  the  hourly  temperature 
(estimated  as  5  K  for  Hanscom  .ATB)  f-'or  stations  LV)  km 
apart,  with  p  =  OdI  (K,^uation  15  I).  the  misd  shinild  he 
approximately  2  K 

15.1.2.4  Runway  TrmpeiaturM.  At  airports  the  desired 
length  of  the  landing  strip  or  runway  is  diavtiy  a-latcd  to 
air  temperatuav  .Any  disca'pancy .  thea’fore.  between  free 
air  temperature  oxer  runways  and  shelter  'emperalua's  is 
important  in  establishing  sate  aircraft  payloads  a.id  runway 
lengths.  It  had  been  thought,  on  days  when  insolation  is 
strong,  that  the  free  air  temperature  ovef  airfield  landing 
‘  strips  IS  significantly  higher  than  standard  shelter  temper¬ 
ature  over  the  surrounding  grassy  areas  Results  of  obser¬ 
vations,  however,  over  four  airstrips  ihaslerwcaid  Airport. 
Heamc  .Air  Force  Satellite  Field  and  Bryan  .Air  Force  Base 
in  Texas,  and  an  auxiliary  nasal  airstrip  near  Mouma.  l.eu- 
isiana)  have  shown  that  the  air  be'wcen  ()  .f  and  b  m  above 
a  landing  sin,  is  ab<iut  0  5  K  cooler  than  indicated  by  tiK’ 
shelter  thermometer  over  adjacent  grassy  areas  The  relative 
smixiihncss  of  the  runway  surface  is  the  physical  cause  of 
daytime  flow  cif  air  from  grass  to  runway.  During  the  tran¬ 
sition  from  flow  over  the  rough  grassy  surface  the  wind 
speeds  up  and  entrains  the  cixiler  air  immediately  above  the 
runway.  When  a  daytime  equilibnum  state  is  established, 
there  will  be  a  large  lapse  rate  close  to  the  ground.  This  is 
the  effect  over  Nith  concrete  and  blacktop  airstrips  with 
surrounding  grass  having  only  a  slightly  mi'difying  effect 
In  exceptional  cases  the  free  air  temperature  over  the 
runway  exceeds  the  shelter  temperature  but  by  no  more  than 
0  5  K  when  averaged  over  10  min.  I  K  when  averaged  over 
I  min  with  a  dry  soil  environment,  and  0  2.*'  K  (5-min  meant 
with  a  swamp  environment  Thus  the  standard  methiHl  cf 
temperature  measurement  in  a  properly  exposed  shelter  over 
grass  provides  a  representative  temperature  for  the  esti¬ 
mations  of  runway  length  and  aircraft  payloads 


northerly  latitudes  dunng  'he  winter  months  when  the  tem- 
peratua*  distributions  are  substantially  binHxial  Thus  the 
straightforward  nwthvid  for  determining  the  frequency  dis- 
tnhution  of  hourly  wmperaturcs  is  to  obtain  a  representative 
sample  of  observations  for  each  Ux'ation  and  compute  the 
distributions  Fstimates  of  the  frequency  distnbutnvn  ^om 
such  data  can  be  made  using  the  Blom  formula  given  by 


hT)  = 


N 


3^ 

1/4' 


(15.4) 


where  RT)  is  the  estimated  cumulative  probability  of  the 
temperature  T.  n,  is  tlK*  number  of  observations  equal  to 
or  less  than  T.  and  N  is  the  overall  sample  si?c.  Since, 
represcntaiive  samples  of  data  are  not  easily  obtained  for 
regions  outside  North'  .America,  an  objective  methixl  has 
been  developed  by  Tattelman  and  Kantor  ( 19771  so  that  the 
frequency  distribution  of  surface  temperature  can  be  esti¬ 
mated  at  all  livations  from  data  in  climatic  summaries  that 
are  available  for  most  locations  thnnighout  the  world. 
Because  the  warmest  temperatures  in  the  world  are  found 
at  liKations  where  the  monthly  means  are  high  and  (he  mean 
daily  range  is  large.  Tattelman  et  al  |l9b9|  developed  an 
index  using  tiicse  values.  The  index  is  expressed  by 

L  =  T  r  (T„.,.  -  T,„.„).  (15.5) 

where  I.  is  the  warm  temperature  index,  T  is  the  monthly 
mean.  T„„.  is  the  mean  daily  maximum,  and  Tm,„  is  the 
mean  daily  minimum  temjXTature  (K  -  27.t)  for  the  warmest 
month  1  he  in  jex  was  related  to  temperature  tveurring  Kx . 
y*  and  lO'^*  of  the  time  during  the  warmest  months  at  a 
numbi'r  of  liications;  it  appears  in  the  following  regression 
equations  fi.i-  estimating  monthly  Kt .  5C»  and  lO'^f  warm 
temperature  extremes  jTattelman  and  Kan.or.  1977): 


t,.. 

=  0  6761.  -1-  10  657. 

(15.6) 

tv. 

=  0  7331.  5.6S2. 

(15.7) 

T  )(*• , 

=  0  7621.  -s  2.‘X)2 

(15.8) 

where  t  is  the  estimated  temperature  in  (K  -  27.1)  iKcurring 
I.  5.  and  Kl'f  of  the  tiine,' respectively ,  The  same  principle 
can  be  u-ed  to  estimate  cold  temperature  extremes.  The  cold 
temperature  index  is 

I.  =  T  -  (T,,..  -  T„„„).  (15.91 


15. 1.2.5  Temperature  Extremes.  A  know  ledge  of  the 
occurrence  of  hot  and  cold  temperature  extremes  is  impt^r- 
tanl  for  the  design  of  equipment  and  the  selection  id  material 
that  w  ill  be  exposed  to  the  natural  environment  The  hourly 
tem,>erature  observations  at  most  Iivations  arc  not  normally 
distributed  around  the  mean  nionthl'  values  Departures 
from  a  normal  distribution  are  largest  m  the  temperate  and 


where  I.  is  the  cold  temperature  index,  T  is  the  monthly 
mean.  T.,,.,,  is  the  mean  daily  maximum,  and  T„„„  is  the 
mean  daily  minimum  temperature  (K  -  27,f )  for  the  coldest 
months  The  eorresponding  regression  equations  (Tattelman 
and  Kantor.  I977|  are 

t..,  =  10691.  -  7  01.3, 


Si 


r' 

r-' 


I 


a 


lx-' 


'  rial 


(15.10) 
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t,.i  =  1  ()»4K  -  .VOf^).  (15.11) 

t,.,:  =  I  f)«:k  -  0  704,  (15 12) 

Thiv  Uv(iniijuc  )iaN  been  aM.-d  )>\  Taltclnian  ami  Kantor 
|l*)7f>a.b|  ti)  map  global  k’liiivraluro  e\Iromc>  ustnj:  liva 
(UHiN  lor  which  iiHinlhlN  climatic  temperature  cunmiaries  are 
available  |•.'Ilmale^  ol  the  !'<  warm  and  cold  temperature 
evtremev  lor  the  \onhern  Hemivphere  are  \hown  in  hicurev  ' 
15-4  and  15  5 


Most  extreme  hijth  lemperalures  have  been  recorded 
near  the  Irinjtev  ol  the  de  ertv  ol  northern  Atrica  and  coulh- 
vsevtcm  r  S  in  shallow  depresv'ns  where  r<Kl»s  and  sand 
rellee)  the  sun's  heat  from  a')  sides.  In  the  Sahara,  the 
(treatest  extremes  have  been  recorded  toward  the  .Mediter¬ 
ranean  e«>ast.  leeward  of  the  hiountains  after  the  air  has 
passed  over  the  heated  desert  The  hijibest  temperature  on 
record  is  .TM  K  at  Al  A/i/ivah.  I.ibva  1.52  3J'.\.  I.^'I'K. 
elevation  1 12  ml.  Northern  .Africa  and  eastward  throughout 
nuvsi  of  India  is  the  hottest  part  of  the  world,  lairge  areas 


t-iL'iiu-  I'  .1  t  .'infVT.tHia-  i.'qn.!lt.-v!  ur  v'V.wi'^sf  W  nl  itu-  Iimc  Uifitn-j  ihc  w.irmcsl  nt<’n!li  'K  jl  .invlju.m  jn.t  K.tinu!  |wtf>,i! 
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Fij:urc  ^  Tcmperalurc  cqujIcJ  ik  ci'liicr  IN  of  tfk-  linK  dunnjj  the  coIJcnI  n»*mih  iK  273>  (Talllcnun  jnU  Kunior.  |y76u|  *  \ 

rSv- 


aii.iin  icmpcniiii'-CN  urcati-r  ihan  K  iiiiia'  ihan  lO'J  ot 
the  lime  (.'’irine  the  hottest  month.  Seetions  ol  northwest 
Afriea  experiemeil  temperatures  erealer  Ihan  .^22  K  as  much 
as  I';  of  the  time  ilurine  the  hottest  month  of  the  \ear, 
Reeions  in  Australia  anil  .South  Ameriea  have  tem|XTatures 
at  and  aNive  I  I  K  ntuch  of  the  time,  hut  do  not  experience 
tenipiTatures  ereater  than  .^16  K  more  than  I'r  of  the  lime 
diinni.’  the  hottest  month  I  he  southwestern  I  S  and  a 
narrow  strip  of  land  in  western  Mexico  are  exceptionallv 
hot  A  substantial  pail  of  the  area  experiences  temperatuies 


equal  to, or  ereaiei  than  .Mb  K  for  I'r  of  the  time  in  the 
hottest  month.  IX-aih  V  alley  within  this  area,  has  temper¬ 
atures  equal  to  or  greater  than  .V22  K  for  I't  of  the  time  in 
the  hottest  month  and  it  once  had  a  record  temperature  of 
K 

(ieoeraphic  areas  of  extreme  cold  include  the  .Anlaatic 
Plateau  i27ihI  to  .WKI  m  in  elevalioni,  the  central  part  of 
the  (ireenland  Icecap  l2.'i(l<)  to  .flKH)  ml.  Siberia  K'tween 
bd  \  and  b8  .\.  d.t  b.  and  IWI  h  lless  than  7t>l)  ni  elevationi 
and  the  V  ukon  Ifasin  ol  .Northwest  Ca.iada  and  Alaska  (less 


■  S»  % 


T'-Si 
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than  760  m  elevation).  The  generally  accepted  record  low 
temperature  (excluding  readings  in  Anarctica)  is  205  K  in 
Siberia. 

15.1.2.6  The  Gumbel  Model.  For  equipment  that  is  either 
in  continuous  operation  or  is  on  standby  status,  tnereby 
continuously  expsised  to  all  temperatures,  the  statistic  of 
interest  is  the  extreme  temperature  that  is  likely  to  occur 
during  a  full  month,  season,  year,  decade,  or  whatever 
period  is  considered  to  be  the  useful  lifetime  of  the  equip¬ 
ment. 

Many  extreme  values  have  been  estimated  effectively 
by  a  model  that  has  become  known  as  the  Cumhel  distri¬ 
bution.  Let  us  assume  the  annual  highest  temperature  (T,) 
has  been  recorded  for  each  of  N  years  (i  =  l.N)  with  av¬ 
erage  T  and  standard  deviation  s,.  The  Gumbel  estimate  of 
the  cumulative  probability  of  the  annual  extreme  high 
temperature  (T)  is  then 

Pt  =  expl -exp< -y)|.  (15.13) 

where 

y  =  y  -  T».  (15.14) 

s. 

where,  to  five  decimal  places 

y  =  0..57722  and  (r,  =  1.28255.  (15.15) 

(There  are  other  estimates  (o  the  Gumbel  distribution.  This 
one  is  preferred  for  its  simplicity  as  well  as  degree  of  ac-' 
curacy. )  The  quantity  y  is  referred  to  as  the  reduced  variate. 
If  one  is  interested  in  the  cold  temperature,  these  formulas 
hold  wi(h  the  T  and  T  reversed  in  Equation  (15.14). 

If  the  lifetime  of  a  piece  of  equipment  is  intended  to  be 
n  years,  then  the  cui.iulative  probability  Pjln)  that  the  tem¬ 
perature  T  will  not  be  exceeded  in  the  n  years  is 

Prln)  =  exp[-exp(-y  -*•  (n  n)i  (15.16) 

where  y  is  given  by  Equation  (15.14).  Assuming,  for  ex¬ 
ample.  that  we  want  to  estimate  the  temperature  T  that  has 
only  a  10**  probability  or  risk  of  being  exceeded  over  n 
years,  we  set  Pyint  equal  to  0.9  in  Equation  (I5.16>  and 
sohe  Equation  ( 15. 16)  for  y  obtaining 

y  =  (n  n  -  (n(  -  (n  P).  (15.17) 

which  we  in  turn  use  in  Equation  ( 15. 14)  to  obtain 


"y 

The  return  period  is  a  term  sometimes  used  in  assix'i- 
atio-,  with  the  extreme.  In  terri.s  of  the  cumulative  proba- 
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bility  Pt  of  tiie  annual  extreme  temperature,  it  is  equal  to 
l/( I-Pt)  years.  The  return  periixl  is  not  to  be  confused  with 
the  planned  lifeiinv  (n)  of  the  equipment.  Roughly  speak¬ 
ing.  the  temperature  with  the  lOO-yr  return  period  or  the 
annual  IT  (P,  =  .99)  is  approximately  the  lOT  temper¬ 
ature  of  a  10-year  planned  life. 

The  Gumbel  distribution  with  a  set  of  periodic  extremes 
is  the  easiest  model  to  use.  but  there  are  reservations  in  its 
application.  Theoretically  the  basic  distribution,  such  as  the 
station  temperature  taken  hourly,  should  be  an  exponential 
type,  such  as  Pearson  Type  !|!  oi  Gaussian.  However,  this 
condition  may  not  be  sufficient  bec.iuse  the  record  may  not 
be  long  enough  to  make  the  annual  exireme  fit  into  a  Gumbel 
distribution.  The  Gumbel  distribution  i.s  only  the  limiting 
form  oyer  long  times  and  may  not  be  adequately  reached 
over  short  pcriixis.  It  is  advisable,  therefore,  to  iest  the  data 
to  determine  if  the  Gumbel  distribution  is  applicable.  Figure 
15-6  illustrates  the  use  of  special-purpose  “Extreme  Prob¬ 
ability  Paper”  in  which  the  cumulative  probability  Pt  is  read 
on  the  vertical  axis  to  correspond  to  T  on  the  horizontal 
axis.  Alongside  the  scale  of  Pt  is  the  scale  of  the  reduced 
variate  y.  which  is  uniform  on  this  paper.  A  Gumbel  dis¬ 
tribution  appears  as  a  sirai^ht  line. 

Let  us  sqppose  a  set  of  N  extreme  temperatures  T,  for 
each  of  N  years  (i  =  I  ,N)  is  ordered  from  lowest  to  highest 
value.  The  cumulative  probability  of  the  ith  lowest  tem¬ 
perature  since  it  is  an  extreme  is  best  estimated  by 
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Figure  15  ft.  hi  l.imc'.i  icmporjtures  of  22  »mior  seasons  I'M5( 

ordered  from  mamiesi  to  coldest.  Hanscom  .AFB,  Mass 


mihcr  than  Equation  (15.4).  Now  in  the  example  of  Figure 
15-6a.  we  have  the  plot  of  (he  annual  highest  temperatures 
of  21  years  ( 1944  1964  at  Hanscom  AFB.  Mass.)  ordered 
from  lowest  to  highest  value  and  having  cumulative  prob¬ 
ability  estimate.^  P|  given  by  Equation  (15.19).  The  mean 
is  T  =  .'?()9  K  and  the  standard  deviation  is  .s,  -  1.9  K. 
The  solutton  of  Equation  (15. 14)  gives  the  straight  line  pU>t 
between  y  and  T  as  shown.  Whether  the  straight  line  and 
therefore  the  Gumbel  distribution  adequately  fits  the  distri¬ 
bution  is  a  matter  of  judgment.  If  accepted,  and  it  should 
be  in  this  example,  then  the  99th  percentile  (Pt  =  .99)  or 
the  \'i  extreme  is  estimated  by  Equations  (15.17)  and  ( i5.  IH) 
with  n  -  1  as  .415  K.  For  a  lifetime  of  25  years  (n  =  25) 
the  temperature  of  Ki'i  risk  (P,  =  0.9)  is  given  by  Equa¬ 
tions  ( 15.17)  and  1 15.  IS'  as  .H6  K. 

As  another  example.  Figure  l5-6b  shows  the  plot  of  the 
extreme  low  temperatures  of  22  winter  seasons  ( 194.4-1965) 
at  Hanscom  AFB.  .Vlass.  The  mean  is  T  =  251  K  and  the 
standard  deviation  is  s,  =  .4.6S  K.  A  straight  line  fit  of 
these  data  is  not  satisfactory .  Possibly  a  concave  curve  wxiuld 
be  more  appropriate.  The  Gumbel  model  is  not  acceptable 
in  this  case,  and  consequently  another  model  should  be  tried. 

5. 1.2.7  Temperature  Cycles  and  Duration®,.  High  tem¬ 
perature  extremes  are  inevitably  part  of  a  well  pronounced 
diurnal  cycle,  modified  by  wind  and  by  moisture  content 
Typical  of  a  hot  climate,  the  record  of  Yuma,  .kri/ona 
(.42'5r.Ni  1 14'24'W)  iFigure  15  7i  reveals  a  mean  diurnal 
temperature  range  of  1 5. .4  K  lor  the  middle  20  days  in  July. 


Figure  1.5.7  Yuma.  Arizona  typical  July  diumal  cycles  w)icn  maximum 
daily  icmpcrjiure  equals  or  exceeds  .417  K  (based  on 
data). 


The  dewpsfint  has  a  median  of  2f47  K  with  a  small  diumal 
range.  Relative  humidity,  con.scquently.  has  a  large-ampli¬ 
tude  diumal  cyele.  Wind  speed  at  anemometer  levels  of  6 
to  8  m  above  ground  averages  approximately  4  m/s  with 
little  diumal  range.  .Solar  insolation,  on  the  other  hand,  has 
a  large  diurnal  range  with  a  maximum  clear-sky  value  of 
88.2  L/h  and  a  minimum  value  of  zero  from  2000  LST  in 
the  evening  till  0500  LST  in  the  morning.  For  the  hottest 
areas  on  earth  I  for  example.  Sahara  Desert)  Table  15-4 
presents  the  associaied  cycles  of  temperature,  relative  hu¬ 
midity,  windspeed  and  solar  insolation  when  the  afternoon 
temperature  in  the  middle  of  a  5-day  |ieriod  reaches  322  K 
which  «Kcurs  about  \'/t  of  the  time  in  the  hottest  month. 

Death  Valley .  California  is  also  one  of  the  hottest  areas 
but  is  close  to  fiO  m  below  sea  level  '•esulting  in  ext'  ;me 
absorption  of  solar  radiation  before  it  reaches  the  ground. 
Consequently  its  maximum  cleur-sky  solar  insolation  of  82.5 
L/h  is  less  than  ihal  shown  in  Figure  15-7.  Solar  insolation 
I  increases  with  elevation  roughly  in  accord  with  the  ex¬ 
ponential  model  given  by 

1  =  1,0"'’'’''.  (15.20) 

where  p  and  p,  arc.  respectively,  atmospheric  surface  pres¬ 
sures  for  a  given  station  anu  another  reference  station  at 
roughly  the  same  latitude  I,  is  the  solar  insolation  at  the 
reference  station,  and  the  value  for  a  is  dependent  on  the 
location.  For  Yuma  and  Death  Valiev,  where  the  mean 
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Table  IS-4.  Uiumal  cycles  of  lemperature  and  associated  other  elements  for  days  when  the  maximum  temperature  equals  or  exceeds  the  operational  1% 
extreme  temperature  (322  Kl  in  the  hotlast  month  in  the  hottest  area. 


Time  of  Day  (h) 

Item 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Temperature  (K) 

Hottest  Day 

308 

307 

307 

306 

306 

305 

306 

308 

311 

314 

316 

317 

1  day  before 

309 

308 

307 

306 

306 

305 

306 

309 

311 

313 

315 

317 

or  after 

2  days  before 

.307 

307 

306 

306 

305 

305 

306 

308 

310 

312 

314 

315 

or  after 

Other  Elements 

Relative  Humidity  {%) 

.  6 

7 

7 

8 

8 

8 

8 

6 

6 

5 

4 

4 

(dp  -  266  K) 
Windspeed  (m/s) 

2.7 

2.7 

2.7 

2.7 

2.7 

2.7 

2  7 

2.7 

2.7 

4.3 

4.3 

4.3 

3clar  Radiation 

0 

0 

0 

0 

0 

5 

23 

43 

53 

79 

90 

96 

(L/H) 

Time  of  Day  (h) 

Item 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

Temperature  (K) 

Hottest  Day 

J20 

321 

321 

322 

321 

321 

319 

315 

314 

312 

311 

310 

1  day  before 

318 

320 

320 

321 

320 

319 

317 

315 

31! 

311 

310 

309 

or  after 

2  days  before 

316 

317 

319 

320 

319 

318 

317 

314 

312 

311 

310 

309 

or  after 

. 

Other  Elements 

Relative  Humidity  (9f) 

3 

3 

3 

3 

3 

3 

3 

4 

5 

6 

6 

6 

(dp  =  266  K) 
Windspeed  (m/s) 

4.3 

4,3 

4.3 

4.3 

4.3 

4.3 

4.3 

4.3 

4.3 

4.3 

4.3 

2.7 

Solar  Radiation 

96 

90 

79 

63 

43 

23 

5 

0 

0 

0 

0 

0 

(L/H) 

atmospheric  surface  pressures  are  about  1006  mb  and  i020 
mb  respectively,  a  =  0.00461  mb 

The  hottest  locations  in  the  Sahara  Desert  are  relatively 
high  (about  .3(K)  m  above  sea  level)  with  atmospheric  pres¬ 
sure  about  077  nib.  Thus  Kquation  ( l.‘i.20)  yields  an  estimate 
for  the  peak  solar  insolation  at  these  elevations  of  about  100 
L/h.  .Most  countries,  however,  including  the  U.S..  Canada, 
and  the  United  Kingdom  have  adopted  a  peak  figure  for 
solar  insolation  for, operational  and  design  purposes  of  96 
L/h. 

Heavy  clouds  and  prec'pitation  reduce  the  incident  solar 
insolation  At  a  few  sta'ions  the  National  Weather  Service 
has  taken  records  ol  'ncomirg  solar  insolation.  Table  15-5 
gives  the  results  of  proc.’ssing  such  data  from  Albuquerque. 
N.M.  It  proser'^  ...  of  the  probabilities  with  which 

dai'y  incoming  solar  ir.'olation  equals  or  exceeds  the  given 


amount  in  June.  In  contrast,  Table  1 5-6  gives  corresponding 
re.sults  for  the  insolation  at  Caribou,  Maine  where  mere  is 
much  more  frequent  cloudiness  and  precipitation. 

The  operability  of  equipment  in  a  cold  climate  is  very 
much  dependent  on  the  duration  of  extreme  cold.  Unlike 
the  hot  extremes,  cold  extremes  are  usually  accompanied 
by  very  smail  diurnal  ranges,  if  any.  The  direct  approach 
for  determining  the  duration  of  cold  temperature  is  by  an 
analysis  of  hourly  data.  Such  data  are  available  for  many 
stations  in  North  America  but  are  not  generally  available 
for  othei  regions  of  the  world.  Data  from  108  stations  in 
the  U.S.  and  Canada  have  been  analyzed  ITattelman.  1968] 
to  obtain  information  on  the  longest  period  of  time  during 
which  the  temperature  remained  at  or  below  eight  “thresh¬ 
old”  values  (from  27?  K  to  220  K)  during  a  10-yr  period. 
Figure  1 5-8  from  that  report  show  s  the  results  for  a  threshold 
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Table  IS-S.  Probability  of  daily  solar  insolation  equaling  or  exceeding 
given  amounts  foi  given  number  of  consecutive  days  in  June, 
at  Alburqucrque,  N.M.  Station  elevation  is  1620  m.  Peak 
clear  sky  solar  insolation  was  observed  at  910  L/day. 


Insolation 

L/Day 

1 

No.  of  Consecutive  Days 

2  4  8  15 

30 

850 

o;o3 

800 

,0.24 

0.06 

750 

0.49 

0.28 

0.09 

700 

0.71 

0.54 

0.31 

O.Il 

650 

C.3I 

0.70 

0.52 

0.29 

0.09 

600 

0.90 

0.84 

0.77 

0.52 

0.29 

0.08 

550 

0.935 

0.90 

0.81 

0.65 

0.44 

0.20 

500 

0.955 

0.93 

0.87 

0.75 

0.57 

0.33 

450 

0.971 

0.95 

0.91 

0.82 

0.67 

0.43 

400 

0.985 

0.972 

0.946 

0.87 

0.81 

0.65 

350 

0.9933 

— 

0.973 

0.945 

0.902 

0.82 

300 

0.9946 

— 

0.980 

0.958 

0.928 

0.86 

250 

0.9975 

— 

— 

0.980 

0.963 

0.932 

200 

0.999 

— 

— 

— 

— 

0.970 

Table  15-6.  Probability  of  daily  solar  insolation  equaling  or  exceeding  Figure  15-8.  Lo.'.g::sl  duration  (h)  of  temperature  s  250  K  in  ten  winters 

given  amounts  for  given  number  of  cot<.secutive  days  in  June.  ITat.elmaii.  I%8|. 

at  Caribou.  Maine  Station  elevation  is  190  m.  Peak  clear 
sky  solar  insolation  v.asiobserved  at  843  L2day. 


Insolation 

L/Day 

I 

No.  of  Consecutive  Days 

2  4  8  15 

30 

850 

800 

0.019 

750 

0.085 

0.02 

700 

0.20 

0,057 

650 

0.31 

0.13 

0.02 

600 

0.40 

0.20 

0.05 

550 

0.47' 

0.26 

0.086 

500 

0.55 

0.33 

0.13 

0.024 

450 

0.59 

0.40 

0.18 

0.037 

400 

0.66 

0.50 

0.26 

0.075 

3.50 

0.72 

0  56 

0.33 

0.12 

0.02 

.3(30 

0.78 

0.67 

0.47 

0.22 

0.062 

250 

0.82 

0.72 

0.54 

0.30 

0.10 

200 

0.88 

0.80 

0.66 

0.42 

0.22 

0.05 

150 

0.921 

0,87 

0.77 

0.59 

0..37 

0.13 

100 

0.965 

0.943 

0.90 

0.79 

0.63 

0.40 

90 

0.975 

0.96 

0.92 

0  84 

0,72 

0.51 

80 

0.980 

0.962 

0.93 

0  86 

0.75 

0.56 

70 

0.987 

0.978 

0.956 

0.912 

0.83 

0.70 

60 

0,9931 

— 

0.971 

0.947 

0.903 

0,82 

50 

0.9961 

— 

— 

0.977 

0.95 

0.90 

40 

0.99906 

— 

— 

— 

— 

0.97 

temperature  of  250  K.  The  report  also  presents  the  expectuc 
(approximately  50%  probability)  duration  of  the  temperature 
at  or  below  six  "threshold”  temperatures  (from  273  K  to 
232  K)  during  a  single  winter  season.  Figure  15-9  shows 
the  single  winter  results  for  a  threshold  value  of  250  K. 

Estimates  of  duration  have  been  made  using  data  that 
consisted  mainly  of  daily,  monthly  and  annual  average  max¬ 
imum  and  iTiinimum,  and  monthly  and  annual  absolute  max¬ 
imum  and  minimum',  for  some  35  to  50  years  at  Sihi'rian. 
Yukon  and  Alaskan  stations.  The  mean  January  tempeiature 
in  eastern  Siberia  (Verkhoyansk  and  Oimyakon)  is  225  K. 
Table  15-7  presents  estimates  of  the  lov/er  20%  of  the  av¬ 
erage  temperature  (averaged  for  durations  ranging  from  one 
hour  to  32  days),  the  maximuiii  temperature  for  the  durations 
shown,  and  the  minimum  temperature  for  the  same  dura¬ 
tions. 

The  duration  of  temperature  anywhere,  hot  or  cold,  is 
of  general  interest.  In  the  midlatitude  belt  the  temperatures 
of  Minneapolis,  Minn,  are  typical  (Figure  15-10).  The  Jan- 
uarv  probability  di.stribution  of  all  hourly  temperatures  has 
a  1%  value  of  244  K.  and  a  :>()%  or  median  value  of  263 
K.  "^hat  is,  the  range  from  the  lower  1%  to  the  median  is 
19  K.  The  24-h  averages,  as  expcctcc.  have  a  narrower 
range,  17  K  The  range  of  rnontlily  averages  (768  hi  is  much 
r>arrower,  7  K.  Similarly,  the  July  hourly  tempciaturcs  have 
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Figure  l?-l  1.  The  cumulaliNe  probahiliiy  of  the  M-hour  minimum  tem¬ 
perature  ( I  January  to  I  Fehnjaryi  at  Minneapolis.  Minn. 
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Figure  15-12  TTie  frequency  of  duraiion  (h)  of  (he  temperature  T)  in 
the  mid-winter  month  (I  January  -  I  February)  at  Minne¬ 
apolis,  Minn,  (based  on  1943-1952  data  ) 


instnimertts,  primarily  radiosondes  for  altitude  up  to  30  km 
and  from  rockets  and  instruments  released  from  rockets  for 
altitudes  between  30  and  'JO  km. 

15. 1.3. 1  Seasonal  ar.d  Latitudinal  Variations.  The 

Reference.  Atmospheres  presented  in  Chapter  14  provide 
tables  of  mean  monthly  temperature-height  profiles,  surface 
to  90  km.  for  15°  intervals  of  latitude  between  the  equator 
and  North  Pole.  These  profiles  depict  both  the  seasonal  and 


Figure  15-13  Seasonal  differences  in  the  temperature-altitude  profiles  at  Ascension  Island.  W'gllops  Island,  and  Ft.  Churchill. 
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TaMc  l$-8a  Mcvlian.  hi|!h.  jnJ  Inw  vjluo  ■>(  icmperjiurc''  Uo  lanuan 
and  Jul>  Jl  VI  N 


1<^ 

10*^ 

20'3 

Altitude 

Median 

High 

— 

Low 

High 

Low 

High 

lu>w- 

(km) 

(Kl 

(K) 

IK) 

(K) 

(K) 

(K) 

(K> 

January 

5 

262 

272 

251 

267 

2.56 

265 

258 

10 

229 

239 

219 

235 

223 

233 

225 

15 

208 

221 

198 

216 

203 

214 

205 

.  20 

208 

200 

216 

203 

214 

204 

25 

220 

231 

210 

226 

216 

224 

217 

30 

229 

2.39 

218 

236 

224 

2.34 

226 

35 

240 

254 

222 

248 

232 

245 

235 

.  40 

'  252 

270 

240 

262 

249 

258 

250 

45  . 

264 

283 

253 

277, 

258 

272 

260 

50 

266 

281 

25b 

276 

260 

27.3 

262 

55 

254 

272 

231 

267 

243 

263 

248 

60 

243 

254 

223 

248 

232 

246 

235 

65 

231 

254 

218 

242 

226 

238 

228 

70 

220 

235 

198 

227 

204 

225' 

210 

75 

218 

253 

197 

237 

203 

227 

208 

80 

209 

243 

187 

2.30 

194 

217 

197 

July 

5 

272 

278 

262 

274 

266 

275 

268 

10 

2.38 

249 

227 

246 

232 

242 

234 

15 

204 

216 

196 

211 

200 

210 

200 

20 

212 

223 

20.3 

218 

206 

216 

206 

25 

223 

■  230 

216 

227 

218 

226 

219 

30 

2.34 

241 

226 

238 

229 

236 

231 

35 

244 

254 

237 

250 

240 

247 

242 

40 

256 

267 

247 

26.3 

251 

261 

253 

45 

266 

275 

259 

272 

264 

269 

265 

50 

269 

282 

258 

278 

262 

275 

264 

55 

264 

273 

247 

269 

253 

267 

2.56 

60 

247 

262 

231 

255 

240 

252 

243 

65 

228 

240 

215 

2.36 

219 

2.34 

222 

70 

209 

222 

186 

219 

194 

214 

200 

75 

200 

218 

178 

214 

192 

209 

196 

80 

193 

207 

182 

200 

189 

198 

191 

latitudinal  variations  in  mean  mi.nthly  temperatures.  The 
largest  seasonal  variations  in  temps  ature  occur  at  altitudes 
between  70  and  80  km  near  75°N  latitude.  In  this  region 
the  mean  monthly  temperature  fluctuates  from  230  K  in 
January'  to  160  K  in  July.  In  the  upper  mesosphere.  60  to 
85  km.  mean  monthly  temperatures  decrease  toward  the  pole 
in  summer  and  towards  the  equator  in  winter.  In  the  upper 
stratosphere.  20  to  55  km,  conditions  are  reversed;  tem¬ 
perature  decreases  toward  the  p<'ile  in  winter  and  toward  the 
equator  in  summer.  At  altitudes  between  15  and  20  km' 
temperature  decreases  toward  the  equator  in  all  seasons. 


Tjta.;  I.S-Hh  Median,  hifh.  and  low  values  of  lertiperaiurev  lor  Januars 
and  Julv  al  4S  N 


1055 

■  1 

20*;^  1 

Altitude 

Median 

High 

Low 

(km) 

(K) 

(K) 

(K) 

January 

5 

2.50 

26.3 

2.3.3 

257 

7.39 

254 

242 

10 

220 

23.3 

206 

227 

212 

225 

214 

15 

217 

231 

202 

225 

208 

222 

211 

20 

215 

227 

203 

222 

208 

220 

210 

25 

215 

23.3 

197 

226 

205 

224 

209 

30 

221 

240 

209 

2.30 

214 

226 

219 

35 

2.3.3 

258 

215 

251 

223 

243 

226 

40 

247, 

272 

226 

264 

2.36 

257 

240 

45 

262 

288 

240 

28.3 

2.50 

271 

254 

.50 

265 

282 

249 

274 

2.56 

270 

258 

55 

253 

275 

229 

267 

2.39 

26.3 

245 

60 

244 

266 

220 

263 

2.30 

257 

241 

65 

235 

255 

214 

246 

22.3 

24.3 

228 

70 

226 

246 

206 

238 

211 

2.34 

217 

75 

225 

261 

197 

245 

205 

235 

210 

80 

216 

248 

185 

237 

197 

228 

202 

July 

5 

267 

277 

255 

274 

259 

272 

262 

10 

235 

247 

222 

240 

227 

239 

230 

15 

2 

227 

205 

222 

206 

220 

212 

20 

219 

23.3 

207 

227 

21.3 

225 

215 

25 

225 

23.3 

216 

229 

217 

228 

221 

30 

2.34 

242 

228 

2.39 

2.31 

2.37 

2.32 

35 

245 

2.54 

238 

250 

241 

248 

24.3 

40 

256 

268 

2.50 

265 

254 

263 

255 

45 

268 

280 

260 

276 

26.3 

272 

265 

50 

27.3 

283'. 

264 

279 

268 

277 

270 

55 

264 

273 

249 

269 

255 

267 

260 

60 

247  ' 

270 

2.30 

264 

2.35 

260 

2.38 

65 

2.30 

245 

216 

241 

223 

238 

220 

70 

213 

226 

188 

219 

196 

216 

202 

75 

195 

210 

175 

205 

186 

201 

190 

'  80 

183 

203 

1.54 

195 

16.3 

191 

170 

Temperature-altitude  profiles,  surface  to  60  km.  for  the  mid¬ 
season  months  at  Ascension  Island.  8°S,  Wallops  Island. 
38'’N.  and  Ft.  Churchill.  59“N.  are  given  in  Figure  15-13 
and  illustrate  the  magnitude  of  the  seasonal  and  latitudinal 
variations  in  mean  monthly  temperatures. 

5.I.J.2  Distribution  Around  Monthly  Means  and 
Medians.  The  distributions  of  observ  ed  temperatures  around 
the  median  values  for  altitudes  up  to  80  km  in  January  and 
July  at  30^,  45',  60°  and  75°N  are  shown  in  Tables  15-8a 
to  15-8d.  Median,  and  high  and  low  values  that  are  equaled 
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T^ic  15-Ki'  Median.  ht|:h.  and  Um  \aluc>  ot  tcmpcralun:>  t«)r  januar> 
and  Jul\  .!(  no  N 


High  Low 
Altitude  Median  (K)  (K| 


Tihkr  I5’U  Mvdun.  hi):h.  inJ  low  v^lue,  iit  lemperiilurc  tiH  Januan 
and  JiiK  al  7V  N 
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Tahk  SurWljnl  Jcvuiiimv  of  oh\cr\ci]  dj\  (o-da)  in 

Icniprmlurc^  <Ki  j(  ^wcnoon  Kl^mj  <X  Si  ji  jliitudcv  up 
lo  V>  km  dunn^  the  mid\4ason  monih\  ' 


Altitude 

(kmt 

S.  D  of  Temperature  (Kl 

Jan 

Aptil 

July 

(Xt 

5 

0  8 

0  6 

0,7 

06 

10 

0  8 

1.0 

0.8 

II 

15 

1.6 

2,0 

1.9 

1.5 

20 

^  •» 

2  2 

2.4 

2.1 

25 

2_2 

2.7 

2  1 

.40 

4.1 

2.8 

4.8 

4.6 

.45 

4.7 

4.2 

4,7 

4.8 

40 

5.2 

4,9 

4  4 

4  5 

45 

4  6 

2.8 

4,2  ' 

4. .4 

.50 

5  8 

2  9 

4.9 

4  0 

the  mom.ilj  means.  The  standard  deviations  of  observed 
temperatures  around  the  mean  monihlv  values  for  the  mid- 
seasivn  months  at  Ase-ension  Island.  Table  1.^-4.  are  tvpieal 
of  the  day-to-day  vartations  found  in  the  tropics  Values  are 
not  given  tor  altitudes  above  50  kin  as  there  are  too  feve 
daily  observ  ations  on  w  hich  to  base  the  monthly  temperature 
distributions.  The  observed  standard  deviations  includes  the 
nns  instrumentation  errors  as  well  as  the  actual  rms  climatic 
variatii'ns  Consequently,  the  observed  '  ariations  are  some¬ 
what  larger  than  the  actual  values, 

Day-to-day  variations  of  temperature  around  the  annual 
mean  at  levels  between  .50  and  00  km  in  tropical  areas  (Table 
15-101  were  computed  from  data  derived  from  grenade  and 
pressure-gage  experiments  at  Natat.  6'S.  and  Ascension 
Island.  H'S.  I  hese  data  were  not  unilomily  dtstributed  with 
respect  to  season  or  titne  of  day.  An  anaivsis  of  the  relatively 
sparse  data  that  are  available  for  individual  months  indicates 
that  if  the  seasonal  and  diurnal  variations  arc  mmoved  from 
the  data,  standard  deviations  around  monthly  means  due  to 
day-to-day  changes  in  synoptic  conditions  would  be  roughly 
50' i  of  those  given  tn  fable  15-10 


5. 1.3.3  Distributions  at  Pressure  l.evels.  The  nkan 
January  and  July  temperatures  over  North  America  for  stan¬ 
dard  pressure  levels  up  to  10  mb  (  =.f|  kmt  are  presented 
in  Table  15-11  Standard  deviations  Of  the  daily  values 
around  these  means  are  also  shown,  thereby  pntviding  in¬ 
formation  on  seasonal  changes  in  monthly  mean  tempera¬ 
tures  and  inierdiurnal  (day-to-day  i  variabiltiy  a.  various 
pressure  levels  and  latitudes.  Standard  deviations  am  not 
shown  above  100  mb  north  of  .S(f  latitude  because  a  bimodal 
temperature  distribution  exists  in  the  winter  stratosphere  in 
arctic  and  subarctic  regions  over  eastern  North  America.  As 
a  result,  the  standard  deviations  do  not  provide  reliable 
information  on  the  temperature  distributions  at  these  levels. 


15.1.3.4  Interlevel  Correlation  of  Temperature.  The 

manner  in  which  the  correlation  between  temperatures  at 
two  levels  decreases  tor  decay  si  with  increasing  separation 
between  the  levels  is  an  example  i*f  the  general  problem  of 
correlation  decay.  Correlation  decay  is  similar  lor  most  me¬ 
teorological  elements  as  tlK’  hr>ri/ontal  or  vertical  distance 
between  the  points  of  obsr’Aations  increases.  As  yet.  no 
fully  satisfactory  descnptiori  of  the  decay  rate,  based  on 
fundamental  properties  or  assumptions,  is  available  Con¬ 
sequently.  many  empirical  minlels  that  are  valid  for  speciltc 
elements  over  restriclive  ranges  have  been  proptised. 

Profiles  i>f  correlation  coeflicient  r.  of  surface  temper¬ 
ature  with  temperature  at  other  altitudes  am  shown  in  Figure 
15-14  for  the  midseason  months  at  .Ascension  Island.  Kwa- 
jalein.  W'j'lops  Island,  and  Ft  Churchill  ,Al  most  Uvations. 
thg  correlation  between  surface  temperatures  and  tempera¬ 
tures  at  other  altitudes  decreases  rapidly  with  increasing 
altitudes,  reaching  a  minimum  or  becoming  negative  be¬ 
tween  12  and  In  km  and  then  remaining  near  zero,  plus  or 
minus  0..f.  from  20  to  6(1  km.  Individual  arrays  of  the  mean 
temperatures,  standard  dev  iations  and  interlevel  correlation 
CiK'llicients  for  altitudes  to  6(1  kiii  are  given  in  Tabic  15- 
12a  to  l5-'!2f  for  the  months  of  January  and  'uly  at  Ft. 
Churchill.  Wallops  Island,  and  Kwajalein  .Additional  in- 


Tahlc  IV  10  Si.in(!ara  JcM.iln-n-  I'l  .'Hv.-r\L*4l  UcnMiK-s  I'l  I'ami  icnipcrjiurcs  *K*  jrininU  ihv  mean  anniijt  \.ilues  .As^cnvuin  Kijnil  ol  Si  Naiut  Ih  St 


.Altitude 

IVnsity 

Temperature 

ikmi 

S  1)  t'(  of  meani 

S  I)  tKl 

No.  of  Observ  ations 

50 

4  1 

6 

44 

55 

4, .4 

4 

44 

60 

4,X 

6 

44 

65 

4.7 

7 

44 

70 

b  4 

9 

42 

75  ■  ■ 

S  6 

10 

41 

so 

7.S 

10 

,40 

10  2  ' 

14 

29 

'10 

12.4 

21 

28 
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TaMc  Mcjfl  icmpcr^iure  anj  Marklani  tievtalHm  ii  vuindanl  pressure  kveK  over  Niwih  AmcfKa 


Mean  Temperature  and  Standard  Deviation  (K) 

Pressure 

20°N 

.50°N 

40°N 

.SO’N 

60“N 

70"N 

(mh( 

Mean  S.D. 

Mean 

S.D. 

Mean  S.D 

Mean 

S  D. 

Mean  S.D. 

Mean 

S.D. 

Mean 

S.D. 

January 

280 

2 

275 

5 

267 

a 

256 

8 

251 

8 

247 

7 

245 

6 

500 

264 

5 

259 

4 

252 

6 

242 

7 

258 

7 

234 

5 

232 

5 

.V)0 

2.56 

5 

252 

5 

227 

4 

221 

4 

220 

4 

217 

4 

214 

5 

20t) 

217 

5 

216 

5 

216 

□ 

219 

7 

219 

7 

216 

6 

213 

6 

100 

lOK 

5 

204 

4 

212 

4 

218 

-5 

219 

6 

216 

7 

210 

6 

208 

5 

209 

3 

21.5 

5 

215 

4 

216 

• 

213 

* 

206 

25 

2’S 

2 

218 

5 

216 

4 

212 

5 

212 

208 

• 

203 

15 

225 

-1 

225 

5 

221 

4 

218 

6 

215 

211 

207 

10 

2.50 

2 

227 

5 

224 

4 

221 

-6 

217 

• 

213 

• 

209 

July 

700 

285 

2 

285 

2 

282 

5 

275 

4 

270 

5 

268 

4 

265 

4 

500 

267 

2 

267 

2 

264 

5 

258 

4 

255 

4 

253 

4 

249 

4 

.WO 

240 

2 

2 

257 

5 

252 

4 

229 

4 

228 

4 

227 

4 

200 

218 

2 

218 

2 

219 

5 

221 

5 

224 

5 

226 

•  5 

2.50 

4 

100 

2(X) 

5 

205 

5 

5 

220 

4 

226 

5 

228 

-i 

231 

2 

.50 

215 

2 

215 

2 

218 

5 

221 

5 

226 

5 

228 

3 

2.50 

3 

25 

2 

222 

2  ' 

225 

227 

229 

2 

232 

2 

233 

2 

15 

228 

2 

228 

Y 

229 

•y 

252 
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fonnation  useful  in  design  studies  is  given  by  Cole  and 
Kanu>rll9«0| 


15.1.4  Speed  of  Sound  vs  Temperature 

The  speed  of  sound  is  primarily  a  function  of  temper¬ 
ature.  An  equation  for  computing  the  speed  of  sound  and 
the  limitations  of  such  compulations  arc  presented  in  Chap¬ 
ter  14.  Figure  15-15  shows  the  relationship  between  tem¬ 
perature  and  the  speed  of  sounu  It  can  be  used  with  the 
various  temperature  presentations  given  in  this  section  to 
estimate  the  probable  speed  of  sound  for  various  altitudes 
and  get>graphicai  areas. 


15.1.5  Earth/Air  Interface  Temperatures 

The  earth/air  interface  is  either  a  land,  snow,  or  water 
surface.  At  many  liKations.  me  physical  structure  of  the 
interface  is  overwhelmingly  comples.  The  land  surface  can 
be  covered  with  seasonally  varying  vegetation  of  great  di¬ 
versity.  and  even  without  plant  cover  there  is  normally  a 


considerable  variability  produced  by  small-scale  terrain  fea¬ 
tures.  differences  in  soil  rntrislure  and  cultivation  A  snow 
surface  is  markedly  affected  by  aging.  The  physical  con¬ 
ditions  of  water  in  a  shallow  puddle  are  quite  different  from 
the  open  ocean.  All  these  conditions  reHcct  themselves  in 
the  micro-climatological  aspects  of  natural  or  unnatural  sur¬ 
faces. 

As  discussed  in  Section  15.1.2.  the  use  of  ordinary 
thermometers  to  measure  surface  temperature,  will  result  in 
meaningful  values  only  in  the  rare  cases  of  a  flat,  unifoim. 
and  homogeneous  surface.  In  general,  area  averages  of  tem¬ 
perature  obtained  by  an  integrating  methixl  over  certain 
defined  sections  will  be  more  representative,  than  any  one 
of  a  multitude  of  widely  varying  point  values.  Bolometric 
temperature  measurements  from  an  airplane  cruising  at  low 
altitude  provide  a  more  reasonable  approach  to  the  problem 
of  surface  temperature  determination  than  a  seric  of  ther- 
momctric  point  measurements.  Table  15-1.^  lists  some  re¬ 
sults  of  bolometric  measurements  from  an  airplane.  The  data 
illustrate  the  great  horizontal  variability  of  surface  temper¬ 
ature  even  when  effects  on  the  scale  of  less  than  6  m  linear 
dimension  are  averaged  out.  , 

The  processes  that  determine  the  temperature  of  the 
eanh/air  interface  and  the  surface  characteristics  that  inHu- 
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encc  these  pixKesscs  may  be  separated  into  the  following 
fiHir  classes: 

1.  radiative  energy  transformation  (or  net  radiation  in¬ 
tensity).  which  depends  upon  the  albedo  and  selective  ab¬ 
sorption  and  emission; 

2.  turbulent  heal  transfer  into  the  air  (by  both  convective 
and  mechanical  air  turbulence):' 

conduction  of  heat  into  or  out  of  the  ground,  which 
depends  upon  the  thermal  adn;ittance  of  the  soil:  and 

4.  transformation  of  radiant  energy  into  latent  heat  by 
evaporation,  which  depends  upon  the  dampness  of  the  sur¬ 
face  w  available  soil  moisture  at  the  ground  level. 

The  aerody  naniic  roughness  of  a  natural  surface  strongly 
intiuences  the  momentum  exchange  between  gn>und  and  air 
dowing  past  it.  The  momentum  exchange  establishes  the 
low-level  prolile  of  mean  wind  speed.  The  mechanical  tur¬ 
bulence  prixluced  by  surface  roughness  also  determines  to 
a  certain  degree  the  relative  amount  of  heat  transpvirted  into 
or  from  the  air  at  mean  ground  level.  Other  conditions  being 
equal,  an  increase  in  roughness  and  hence  mechanical  tur¬ 
bulence  will  cause  lowering  of  maximum  surface  temper¬ 
ature  during  daytime  and  raising  of  minimum  surface  tem¬ 
perature  during  nighttime  For  ordinary  sandy  soil,  under 
average  conditions  of  overall  airflow  and  net  radiation  on 
summer  days  in  temperate  /ones,  the  diurnal  range  of  sur- 
f;icc  temperature  is  about  17  K  if  the  roughness  coefticient 
is  0  06  mm  or  14  K  if  it  is  6..t5  mm  (roughness  coeflicient. 
also  called  roughness  “length.”  is  r/.tO  where  r  is  the  av¬ 
erage  height  of  surface  irregularities). 

.A  special  and  rather  extreme  case  of  the  influence  of 
surface  characteristics  is  represented  by  forests.  The  trees 
intercept  solar  radiation  and  the  heat  absorbed  is  given  off 
into  the  air  that  is  trapped  between  the  stems.  Although  deep 
snow  may  lie  on  the  grixjnd.  daytinK  temperatures  in  wixxfcd 
areas  in  spring  can  reach  2S0  K. 

The  thermal  admittance  (Section  I.*!  1.6)  of  most  soils 
depends  on  porosity  and  moisture  content  Because  both  the 
thermal  conductivity  and  heat  capacity  of  sciils  increase  with 
soil  moisture,  the  thermal  admittance  may  be  significantly 
affected  by  humidity  variations  during  rainy  or  wet  weather 
periods,  whereas  the  normal  diffusivity  may  remain  unal¬ 
tered.  These  effects  are  difticult  to  assess,  however,  because 
the  dampness  of  the  surface  is  also  a  major  factor  in  the 
utilization  of  solar  energy  for  evapiration.  If  soil  moisture 
Is  readily  available  at  the  earth’s  surface,  part  of  the  net 
radiation  that  would  have  been  used  for  heating  air  and 
ground  is  used  instead  for  latent  heat  of  evaporation.  Table 
I  .“s- 14  lists  observed  temperatures  in  the  air  and  soil  at  levels 
close  to  the  earth/air  interface 

Hngineers  must  consider  the  effect  of  albedo  and  color 
or  net  radiation  in  artilicially  changinit  surface  or  ground 
temperaiiire  In  India,  a  very  (bin  layer  of  white  powdered 
lime  dusted  over  a  test  surface  made  ground  temperatures 
up  to  K  ciHiler;  the  effeci  w  as  felt  at  a  depth  of  af  least 
2(1  cm 

.Another  etiective  mcthiHl  of  controlling  surface  tem¬ 


perature  is  shading.  Thin  rcxrfs  (metal,  canvas),  however, 
may  attain  a  temperature  so  high  that  the  under  surface  acts 
as  an  intense  radiator  of  long-wavelength  radiation,  thus 
acting  to  warm  the  gnxiixl.  In,  hot  climates,  multilayer  shades 
with  natural  or  forced  ventilation  in  the  intermediate  space, 
or  active  cixiling  of  the  outer  surface  by  water  sprinkling, 
can  ixt  used  to  ctx)l  the  grtuind  with  'me  success.  Table 
15-15  compares  temperature  measurements  of  various  ma¬ 
terial  surfaces  w  ith  correspvinding  air  and  soil  temperatures. 


15.1.6  Subsoil  Temperatures 

The  thermal  reaction  of  the  soil  to  the  daily  and  seasonal 
variations  due  to  the  earth’s  rotation  and  its  revolution  abviut 
the  sun  of  net  radiation  is  governed  by  the  molecular  thermal 
comluciivity  of  the  soil.  k.  and  by  the  volumetric  heat  ca- 
pacitv  of  the  soil.  C  =  )h;  (where  p  is  the  density  and  c  is 
the  heat  capacity  per  unit  mass).  For  a  cyclic  forcing  func¬ 
tion  of  frequency  n.  the  quotient  (nk/C)'  ’  (which  has  the 
physical  units  of  vel(X.'ity)  determines  the  downward  prop¬ 
agation  or  amplitude  decrement  with  depth  of  the  soil-tem¬ 
perature  response.  The  prixluct  (nk  C)  ' '.  which  has  the 
physical  units  of  degrees  divided  by  Langleys  per  unit  time 
(I  L/s  equals  4.186  x  10^  W/m').  governs  the  amplitude 
of  the  temperature  profile  in  time  at  the  soil  surface  The 
ratio  k/'C  is  the  thermal  diffusivay  (physical  units  of  length 
squared  per  unit  time),  rhe  expression  (kC)'  '  defines  ther¬ 
mal  admittance  of  the  soil. 

The  continuous  (low  of  heat  from  the  earth’s  hot.  deep 
interior  to  the  surface  is  the  order  of  10  '  I7min.  This  is 
very  small  compared  with  a  solar  constant  of  2  L/min. 
average  net-radiation  rates  of  0.2  Umin.  and  induced  soil- 
heat  fluxes  in  the  upp.’rmost  several  feet  of  the  earth  s  crust 
of  0.1  L/min.  Only  for  depth  intervals  in  excess  of  about 
50  m  must  the  heat  flow  from  the  earth’s  interior  be  con¬ 
sidered.  inasmuch  as  it  results  in  vertical  temperature  gra- , 
dients  of  the  order  of  _’.5  to  25  K/km. 

Table  15-16  gives  experimental  data  on  thermal  admit¬ 
tance  and  theoretical  values  of  the  half  amplitude  depth 
interval  basvd  on  experimental  thermal  diOusivity  data  for 
■diverse  ground  types  The  smaller  the  thermal  admittance, 
the  larger  the  surface-temperature  amplitude  for  a  given 
forcing  function  This  latter  inverse  propvirtionality  is  valid 
only  when  turbulent  heat  transfer  into  the  atmosphere  is 
negligible. 

In  a  simple  theoretieal  mixtel  of  thermal  diffusion,  an 
eflcctive  atmospheric  thermal  condm  tivity  K  is  intrixluced. 
For  air.  K  is  mahy  limes  larger  than  the  molecular  thermal 
conductiviiy  of  (he  air.  For  the  same  forcing  function,  the 
surface-temperature  amplitudes  at  two  different  kinds  of 
ground  follow  the  ratio 

(TAR)  -s  (K/ki! 

- - — - - (15  21) 
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CHAPTER  15 


m  WO  M  190 

veto  0«  V)UHC 


I  it’iiri.  I  '  1 '  S(»viJ  <»f  stKirnl  icni(«  f  jiurc  iKi 


where  f  rvpre'>fnrs  the  rjtm  ol  the  ihernul  jiJ-Tiitlanec 
<>l  the  eriHitKl  le  ih.ii  i>t  jir  h<H-  itiumal  eselcs  ol  net  ra- 
Ji.itum,  the  r  iti  1  iK  ki...  is  the  imler  ol  Id* 

The  iiH"l  extreiiK'  surt.i  e  leiiipirature  osetOaliitn  oeeurs 
oxv^r  leathers  siiov.  where  the  aniplitiiile  nia>  rea<.!i  ^p- 
pr^riiii.ileix  tour  limes  that  oxer  'till  water  irr  sarnie  soil, 
amt  IS  at  least  |i|d  times  as  larce  as  that  oxer  the  lurhulent 
oxean  An  ainpliltiile  rati"  ol  about  '  5  ean  be  cxpe'cted  for 
surtax e  lempx’rature  oxer  eirx  xs  moist  sand  surfaies  The- 
.iretieaflx  the  ,vt  etralion  ol  thermal  'osx  illations  '  into  the 
'  soil  IS  inxersx-lx  projvrt  i  n^l  to  the  Irequetu  x  of  the  "trs- 


cillalions"  |Ixtlau.  I954hl.  The  best  insulator  is  still  air  or 
any  porous  material  with  air- filled  pores,  such  as  feathery 
smm;  materials  such  as  leaf  litter  have  similar  insulalint; 
properties  |(ieiger.  1957), 

Much  infomiation  is  available  on  soil-temperature  vari¬ 
ations  in  va  ious  climatic  /ones.  Table  15  17  gives  annua! 
and  daily  teiiiperature  cycles  in  different  soil  types.  In  ad¬ 
dition  to  the  type  of  ground,  certain  meteorological  factors 
such  as  rainfall  and  melting  snoxx  have  marked  effects  on 
the  soil  temperature,  Snoxv  cover  is  a  leading  factor  in  pro¬ 
tecting  the  soil  from  severe  frost.  On  one  extn  me  cKcasion 
with  an  air  temperature  of  255  K.  the  temj/erature  was  272 
K  under  a  I.’  cm  snow  cover,  whereas  on  bare  soil  it  was 
251  K. 

The  sod-temperature  variations  illustrated  in  Figure  15- 
16  were  obtained  at  a  station  cleared  of  pine  trees  hut  in 
generally  wiHKled  country.  Topsoil  and  brown  .sandy  loam 
(0  to  0,6  ml  changed  to  brown  sand  and  gravel  that  varied 
from  medium  (0.6  to  2  m).  to  coarse  (2  to  4  ni;.  and  again 
to  niedium  (4  to  IX  ml.  Tie  water  level  was  at  15  m.  The 
figure  illusliales  the  amplitude  decrease  and  phase  retar¬ 
dation  of  the  annual  cycle  w  ith  depth.  Amplitudes  of  weather 
disturbances  with  periods  of  several  days,  as  illustrated  by 
the  teniivraturc  curve  of  the  0  75-m  level,  decrease  with 
xlepth  more  rapidly  than  the  annual  amplitudes.  Qualita- 
tixely.  this  agrees  with  the  theoretical  prediction  of  an  am¬ 
plitude  dxvremcnt  proportional  to  the  square  rcxrt  of  the 
length  of  the  period  of  oscillation,  fhe  actual  half-amplitude 
depth  interval  of  the  annual  cycle  ean  he  estimated  from 
Figure  15  Ift  as  Ivir.g  nearly  }  m,  which  is  much  larger 
than  the  depth  inferred  from  experimental  values  of  them-.al 
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Tabic  15-14.  Temperalure  of  the  air  10  cm  above,  and  of  the  soil  0.5  cm  bclou .  the  earth/air  interface  meavured  by  thcrmrK'ouplev  (Davidvm  and  Lettau. 
19,57) 


Temperature  (K)  at  Mean  Local  Time 

Condition 

0400 

0600 

0800 

1000 

1200 

1400 

1600 

1800 

2000 

♦Air 

287.7 

289.8 

296.0 

300.7 

303.7 

304.7 

305.0 

301.9 

297.5 

♦Soil 

290.6 

290.9 

296.0 

304.1 

308.6 

'  309.2 

306.8 

302.3 

298.5 

♦♦Air 

281.1 

282.5 

291.5 

297.9 

301.7 

303.0 

301.1 

296  1 

292.3 

♦♦Soil 

284.8 

284.6 

291.4 

303. 1 

310.3 

304.3 

297.8 

293.8 

Mean  soil  moisture  in  0  to  10  cm  layer  105}  wet  ucight  basis. 
•Mean  soil  moisture  in  0  to  10  cm  layer  about  4'j}  wet  weight  basis. 


diffusivity.  Th-'  discrepancy  may  be  caused  by  seepage  or' 
downward  migration' of  rain  water  and  the  accompanying 
advection  or  transfer  of  heat.  This  prtK’Css  could  increase 
the  apparent  or  effective  thermal  diffusivity  for  annual  soil- 
temp -rature  variations  by  factors  of  4  to  8  times  the  ex¬ 
perimental  values  obtained  in  soil  of  constant  moisture.  The 
data  in  Table  15-17  arc  more  in  line  with  experimental 
findings  than  the  curves  in  Figure  15-16.  The  limif'ticn  of 
Table  15-17  is  that  the  data  are  for  clearly  defined  and  nearly 
ideal  soil  types  that  are  seldom  matched  by  actual  ground 
conditions. 

Factors  that  must  he  investigated  and  assessed  for  any 
one  set  of  soil-temperature  observations  are  (I)  type  and 
state  of  compaction  of  the  soil.  (2)  moisture  content  and 
seepage  of  the  soil  during  the  test.  (.7)  position  of  the  water 
table  during  the  test.  (4)  type  and  color  of  surface  cover. 
(5i  amount  and  nature  of  traffic  over  the  site,  and  (6i  liKal 
climatic  conditions. 

Subsoil  temperature  information  is  useful  in  computing 
them-.al  stresses  and  loads.  Some  examples  are  the  deter¬ 
mination  of  the  depth  to  which  a  structure  should  be  buried 
when  proximity  to  natural  isothermal  conditions  is  desired 
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i  .Malerul 

i  lemperature' (KT  j 

1  Highest 

Reciirded 

Average  ! 

Max.  Mm  : 

1 

j  Air  !  1  2  m  1 

!  302 

.701 

2W  i 

!  Siiil  (2  5  cml 

.107 

',107 

299  j 

\  W(Mxi 

.i  314 

310 

29S  j 

1  Aluminum 

313 

.709 

298  i 

i  GaKani/ed  Iron 

.118 

111 

298  1 

;  Black  Iren 

324 

115 

298  i 

i  Concrele  Si  ah 

1  310 

.107 
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to  conserve  on  the  air  conditioning  load,  or  to  dissipate  heat 
generated  by  power  cables.  The  determination  of  frost  pen¬ 
etration  depths  is  usually  the  principal  concern. 

15.1.7  Degree-Day  and  Temperature-Wind 
Combinations 

A  degree-day  is  a  unit  adopteff  to  measure  the  departure 
of  the  daily  mean  temperature  from  a  given  standard.  In  the 
United  States  the  number  of  heating  degree-days,  on  any¬ 
one  day.  is  the  number  of  Fahrenheit  d:grees  of  the  24-h 
mean  temperature  below  65°F  (291  K).  Cumulated,  day  by 
day.  over  the  heating  season,  the  total  number  of  degree 
days  becomes  an  index  of  heating  fuel  requirements.  In  such 
cumulation,  the  days  on  which  the  mean  temperature  ex¬ 
ceeds  65'F  (291  Kl  are  ignored!  When  the  centigrade  scale 
is  used,  the  base  is  usually  19‘C  (292  Kl.  The  United  States 
Army  Corps  of  Fmginecrs  computes  "freezing-degree  days" 
as  the  departure  of  the  daily  mean  temperature  from  .^2'F 
(27.^  K).  a  negative  departure  when  above  .72'F  (27.1  Kl. 
The  National  Weather  Service  supplies  "normal  degree-days." 
both  monthly  and  annual  totals.  ,A  few  examples  of  the  .1u- 
year  annual  normals  arc  9274(F^l  for  Fargo.  N.[)  .  56.141  Pi 
for  Boston.  Mass  and  IflKlF'^l  for  Key  West.  Florida 

The  'sinds  hill  concept  was  imrixjuccd  in  19,19  by  the 
famous  antarctic  explorer.  Haul  Siple.  'o  measure  the  civil- 
ing  ellect  of  low  iemper;*'ure  and  stnmg  wind  combined 
The  wmd-chill  index  is  the  equivalent  temperature,  in  a 
normal  walk  (1  9  m/s|  in  calm  air.  corresponding  to  the 
combination  of  actual  air  temperature  and  w  indspeed.  It  can 
be  related  lo  the  heat  loss  H  from  a  nud-e  body  in  the  shad.- 
H  Is  given  by 

H  =  (1(1  \V  -  10.45  -  V'K.IOfi  -  Tj.  (15  221 

where  H  is  the  heat  loss  in  kilogram  calones  per  square 
meicr  of  body  surlace  per  hour.  T.,  is  the  air  temperature 
(Kl.  and  V  is  the  w  mdspeed  (m si.  Neutral  skin  temperature 
is  roughly  .706  K.  For  windspeeds  greater  than  19  m's  the 
wind-chill  index  (Tv.j  in  K  is  given  closely  by 
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Tabic  1^-16.  f1iy>.ical  ihcmul  parameter,  nf  diverse  ^niund  types  jLcttau.  1954bl. 


GrtHind  Type 


Thermal 
Admittance 
Ratio  (TAR). 
Ground  to  Air 


Half-Amplitude  Depth  Interval 
(theoretical) 


Annual  Cycle 
(n.) 


Diurnal  Cycle 
(m) 


SOILS 

(^artz  sand. 

meuium-fine  dry 

110 

1.0 

8%  moisture 

230 

1.6 

2291  moisture 

360  . 

1.5 

Sandy  clay.  1591  moisture 

280 

1.3 

Swamp  land.  90f(  moisture 

340 

1.0 

ROCKS 

‘ 

Basalt 

350 

1.8 

Sandstone 

380 

2.2 

Granite 

440 

2.5 

Concrete 

440 

2.3 

SNOW.  ICE.  AND  WATER 

Feathery  snow 

10 

0.67 

Packed  snow 

too 

1.4 

Still  water 

2»0 

0.82 

Ice 

320 

1.4 

Turbulent  iK'ean 

10'  to  10' 

61  to  610 

0.04 
0.07 
0.04 
007 
3  to  30 


T..,  =  (306  -  H/22). 


(15.23) 


This  formula  gives  only  an  approximation  because  of  in¬ 
dividual  brxiy  variations,  incoming  radiation,  and  other  fac¬ 
tors  affecting  heat  loss  from  the  body.  The  fonnula  is  not 


not  used,  or  needed,  with  wind  speeds  less  than  6  km/h 
(2  m/s). 

Extreme  iemperature-i\ir.J  vrmhinations  are  frequently 
important  in  thermal  equiliVium  desigr)  problems,  requiring 
estimates  of  the  maximum  steady  wind  speeds  likely  to  be 


T^hk*  15  17  aod  diiilv  k'mp^rjftirc  cytlc\  AnnujI  NaiuCN 

jvcrjjrcN  Un  iV  years  19.^^  ihrtHi^h  ;ji  (iic\M‘r..  Cief- 
manv  [Krcui/.  194^)  [>a(I\  values  arc  avcraccs  ol  cNror 
vbcaihcr  KMhnni^h  12  Au^’usl  1X9'.  alter  H<»mcn 

ICkr.ccr  19571 


Temp’raturc  (Kl 


Daily  Means 


Svbamp  SanJy  Granife 
Sand  Humus  Heath 


Surface  2«2.i  282  3  283  I  289  6  298  0  297.6 
1.0  m  above  283.8  284,3  284.3  _  _  _ 

0,6  m  above  —  _  —  284  5  287.0  293.4 
Surface 

Amplitude  283.5  283.7  284.4  283.4  2900  283.2 


Depth 

1 

1  Hah'Amplitude  Depth  Interval  (ml 

I  18  16  1.4 
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Figure  15-16  Variations  of  soil  temperature  at  indica'cd  depths;  North 
Station.  Brtx>khaven.  Long  Island.  October  1954  through 
September  1955.  (after  Singer  and  Brown.  I956j. 
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WINOSPEED  (mps  ), 

I*  P  I  xtrv'itK'v  ol  tcnipcrjlu'o  in  xonibin,t(ii>n  xxiih  xximlvpxvJ 
mxjxjxwi*  in  cx'ncfdl,  xxx'ro  i'bsvTXx*d  I'  I'*  m  ^Kivx* 
Ihx'  Mirl.KC  The  *5  ‘'hsxTx.iiiime  xxcrv  taken  oxer  a  ■x  xear 
jviiikJ  jI  viriK-  22  xiaiionx  wiJelx  watIxTeil  in  the 
Si.itex  The  enxelopx'  ix  tnr  ihe  reenninieiuleJ  I  S  xlexiitn 
xtiteri.i 


encmintorcxl  at  \  arioiis  icnipcraturcN  Kijturc  15-17  vxas  pic- 
paroxl  tmni  4  xcarx  of  6-hourl\  anxl  I  \oar  i>r  hourlx  data 
for  22  stalionx  in  the  I  nitcd  Statx-s  ISixscnvunc  and  C'oun. 
Ixf51|  I'  showx  niaxinium  xtoadx  (5-niin)  »md  >pced'.  that 
tveurred  with  temperatarex  in  the  ranite  from  25ft  K  to 
K  diiriie  ihix  periibl  Ihe  statnmx  lived  in  this  -tudy  vxere 
velexted  av  reprevenlalixe  of  elimalie  areav  in  the  I  nited 
States  Mountainous  stations  were  unrepresentative  >4  iten- 
eraMx  opcr  ilion  il  areas  and  were  nol  amone  those  scleeted 
Also  the  hieh  w  inds  ot  hutrieanes  and  tornadi«es  were  omit¬ 
ted  Irom  the  heure 

The  wind  spx-eds  of  hieure  15-17  iKeurred  at  anemo¬ 
meter  heiehts.  usually  at  12  to  5n  m  above  uround  level 
durine  the  years  ol  observation  The  wind  speeds  at  the  5- 
m  level  are  approvinialelv  2(1''  'ess  and  even  50''  less  lor 
Ihe  extreme  low  temperature  (less  than  252  Kl 

The  eombinalioi  of  values  of  temperature  and  vsind- 
speed.  reeommended  for  extreme  I  S.  thermal  eipiilibriuni 
dc'ieii  enleria.  are  shown  by  the  envelope  in  Heure  l5->7 
This  recommendation  is  not  valid  in  mountainous  areas  or 
in  Death  Valley  f  or  the  latter  the  criteria  arc  the  same  as 
for  world  wide  criteria,  as  plotted  in  b'igiiTc  15-17. 


15.2  ATMOSPHERIC  DENSITY 
UP  TO  90  KM 

The  density  data  discussed  in  this  section  are  from  direct 
and  indirect  observations  obtained  from  ballixvn-bvjmc  in¬ 
strumentation  for  altitudes  up  to  .50  km,  and  measurements 
fiom  riK'kets  and  instruments  released  from  r«Kkets  for  al¬ 
titudes  between  30  and  90  km 


15.2.1  Seasonal  and  Latitudinal  Variations 

The  Reference  Atmospheres  presented  in  Chapter  14 
provide  tables  of  mean  monthly  density -height  profiles,  sur¬ 
face  to  ‘)0  km.  for  15°  intervals  of  latitude  between  the 
equator  and  the  North  Pole.  Densities  at  altitudes  between 
10  and  90  km  are  highest  during  the  niimths  of  June  and 
July  and  lowest  in  December  and  January  at  liKations  north 
of  30°  latitude.  In  tropical  and  subtropical  areas  seasonal 
variations  arc  relatively  small  with  highest  densities  at  levels 
abiivc  30  k.Ti  'Kcurring  in  the  spring  and  fa!!. 

Mean  nurnthly  density  profiles,  surface  to  60  km.  ob¬ 
served  during  tne  midscason  months  at  Ascension  Island. 
8=S.  M'-W.  Wallops  Island.  TH'N.  7.5'W.  and  Ft.  Churchill. 
59°N.  94°W',  arc  plotted  in  Figure  15-18.  Densities  are 
shown  as  percent  departure  from  the  US.  SuiuJu/J  Ai- 
mosplure .  1976.  The  individual  mean  nyvnthly  profiles  ctoss 
or  converge  near  8  km  and  between  22  and  2ft  km.  Both 
arc  levels  of  minimum  density  variability  ,  The  level  near  8 
km  is  considered  an  isopycnic  level  because  mean  monthly 
densities  'depart  from  standard  by  no  more  than  !'♦  or  2'? 
regardless  of  the  geographical  liK-ation  or  season  Between 
22  to  2b  km.  however,  there  is  a  marked  seasonal  variability, 
even  though  there  is  very  little  longitudinal  or  latitudinal 
variability  during  individual  months.  Seasonal  differences 
in  the  density  pioliles  at  the  same  tl'icc  |i>catiiins  are  shown 
in  Figure  15- 19  The  minimum  sea-onal  variability  of  the 
mean  monthly  values.  I'i  to  2'>.  ixcurs  gt  8  km.  and  the 
maximum  seasonal  variability  ivcers  aNvve  ftO  km  The 
seasonal  variations  arc  largest  at  Ft  Churchill  and  arc  small¬ 
est  at  .Ascension  Island. 


15,2.2.  Dav-to-Day  Variat''ons 

The  density  at  a  specific  altitude  may  differ  irom  the 
seasonal  or  monthly  mean  at  that  altitude  due  to  day  -to-dav 
changes  m  the  w  eather  patti;m  I  he  distribution  of  observed 
densities  in  January  and  July  at  the  most  climatically  extreme 
liKatioiis  lor  which  data  are  available  near  .50'.  45  .  ftO'  ar.d 
75  N  are  shown  in  Table  1 5- 1 8a  to  I5-I8d  lor  allitii'.ies  up 
to  80  km.  Median,  and  high  and  low  values  that  arc  equaled 
or  more  severe  I'i.  10''.  and  2()'i  of  the  time  are  given 
as  percent  departures  from  the  I'  S  Standard  .Atmosphere 
at  5-km  altitude  increments  The  I'i  values  for  altitudes 
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plotted  on  probiihility  paf^rr  hstimates  above  N)  km  are 
less  reliable  than  those  at  lower  levels  beeauw;  of  the  paucity 
of  data  and  larcer  observational  errors  at  the  hijrher  altitudes 
In  tfopK'al  regions  the  nHvntlily  density  distributions  are 
nearly  normal  for  altitude'-  up  to  5tt  km.  Consequently, 
reasonable  estimates  of  the  distributions  of  density  in  the 
tfofvics  (.all  l>e  olaaiiK'd  from  monthly  means  and  standard 
deviations  Standard  deviatM>ns  of  the  observed  densities 
around  the  nx-an  nninthly  values  at  ■Xseension.  given  in 
Tible  IS  l‘>.  are  tvpicai  oi  the  day  today  variations  fo  -nd 
in  the  iropiis  |(  ole  and  Kanior.  |UXii| 
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15.2.3  Spatial  Variation 

The  rale  of  decay  of  the  correlalion  eoefficienl  beiween 
densities  at  two  points  with  increasine  horizontal  separation 
IS  directly  related  to  the  scale  of  the  ma|or  features  of  the 
weather  pattems  that  are  experterced  at  a  specihc  latitude 
and  altitude  Figure  l.S-2(iprov  ides  information  on  the  dccav 
ol  density  correlalions  w  ith  I'tstance  near  hO  N  for  altitudes 
up  ti>  b(l  km  The  dccav  in  densos  correlations  below  2fl 
km  arc  based  on  an  interpretation  of  data  from  studies  of 
the  spatial  correlaiinns  of  pressure,  temperature,  density  and 
wind  at  railiosonde  levels  at  liKatidns  heivveen  .fO'  and  TO  N 
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Tabic  IVlKa  Median,  hijih.  and  Um  \aluc^  oi  dcnMlics  ^ivcn  as  percentage  departure  fnmt  I'  S  Standard  Ainiiisphere  1^76  fiir  Januars'  and  Jul>  at 
.tilS 


■ 

Ahitiidc 

fknu 

Median 

I'r  ol 

Stdl 

l'{ 

lO'r 

20'/r 

L.S  .Std 
Density 
(kg  m') 

lliith 

Low 

High 

Low 

High 

Low 

January 

1 

*  1 

-  .' 

0 

-  2 

0 

_  n 

7..3b43  -  1 

Id 

-  1 

•  4 

-  3 

-  3 

- 1 

-r  2 

0 

4. 1.35 1 

l.s 

-  7 

-  1.5 

i 

•  -  12 

-4 

-  10 

-  5 

1  .V47b 

21) 

* 

-  7 

_  T 

-5 

- 1 

-4 

+  2 

8.8ViO  -  2 

'2.5 

.  ^ 

-  4 

-b 

-.J 

4 

-  1 

4.(8184 

.td 

4 

♦  ■> 

-  10 

—  ^  ' 

-H 

-  .' 

b 

1.84  Id 

35 

♦  .3 

-  12 

0 

-8 

-  1 

-b 

8  46.34  -  3 

40 

1 

.  «l 

10 

-  1 

“f 

0 

5 

.3‘W57 

45 

0 

-  H 

10 

-  3 

-  7 

c  2 

-  5 

LVbb3 

.‘XI 

-  1 

-  12 

s 

'  -  7 

-4 

-  5 

_  2 

1 .0269 

5^ 

d 

•  y 

10 

-  5 

b 

-  3 

..4 

5  6810  -  4 

Nl 

-  12 

- 15 

*  5 

~  <i 

^  2 

-b 

.301168 

h5 

4 

-21 

25 

-  1.' 

-  1.' 

-  7 

-b 

1  6321 

7d 

-  5 

-  lb 

2b 

-•J 

-  17 

-  b 

"  1  ^ 

8.2828  -  5 

-  75 

■'  7 

•  21 

-  25 

-  IT 

-  15 

-  8 

-  Id 

3.91121 

SO 

4 

-  21 

*  15 

-  13 

-  8 

-  7 

1  8458 

July 

5 

■  X  ■  ' 

d 

•  5 

1 

-  4 

„4 

7  3643  -  1 

Id 

•  1 

-  .' 

1 

♦  2 

0 

-»,2 

0 

4  1351 

1,5 

-  Ih 

.'  2d 

•  II 

-  17 

-  I  .T 

-  17 

-  14 

1  947b 

2'» 

•  « 

-  1 1 

-  14 

-  Id 

-  5 

-  b 

h  8910  -  2  j 

23 

•  4 

-  9 

0 

•  ♦  ^ 

*> 

-b 

-  3 

4.l»m4  , 

Vi 

i  X 

“t 

-  1 

3 

-  1 

-  4 

♦-  ^  • 

1.8410  1 

-  ^ 

-  Id 

•  8 

-  3 

^  7 

-4 

H  4634  -  3  1 

4d 

•  ^ 

•  1‘i 

-  II 

-  5 

-  Id 

•  7 

3  1)957  ,  1 

4^ 

■  12 

*  IV 

-  4 

-  14 

s  7 

- 1  < 

k.l 

1  9fV>'  j 

-  I  .» 

-  m 

-  P 

-  H 

p 

,  ‘ 

S'H 

•  II 

•  2d 

,  *> 

•  15 

*  5 

-  p 

-  7 

5  hSId  4  j 

tut 

-  1  % 

■  14 

1 

•  21 

•  3 

-  IV 

-  7 

30968  i 

- 

■  4' 

b 

•  's 

0 

-  XI 

•  b 

1  b'2l  ! 

■'(1 

• 

- 

V 

* 

-  1 

-  2d 

-  H 

8  2S2S  5  i 

■  H* 

11 

•  2o 

b 

-  15 

•  1 

.'.')*)21  1 

Mi 

*  f'X 

I*' 

-  P 

b 

-  14 

•  1 

1  S4'S 

l.ititiKlc  !  Hcnuni  .tnd  I  itnj  '  Inii'in'.alum  iMi  ihc  'palial 
c.iml.)ti'Ti~  .it  .il'itiiilc'  .thine  2i(  kin  is  Irnni  .1  stmls  hy 
Ciilc  '  I'i'iii  In  th.1l  p.ipcr.  il.il.i  Irnni  iiin^l.int  pressure  maps 
h>r  '  ii,  '  (i  .inJ  It  I  inh  leseh  were  Used  Inpelher  with 
ne.trK  siruilt.meniis  'ivket  nhsers.ilii'n-.  at  several  pairs  <>l 
staiinns  neat  Wl  \  In  Jeterinine  the  rates  n!  decay  iiT density 
e  Telalmn  at  levels  between  Tn  and  .'5  km  .As  Fieurt  15- 
2M  indie.iles.  the  rate  nt  decay  in  density  enrielatnm  with 
distance  decreases  suhsiantialiy  with  altitude  At  Id  km.  lor 
ev.imple.  /em  enrrelatinn  is  attained  at  about  2(XK)  km  at 


5tt  km.  /sTo  eorrelattnn  is  attained  .it  timre  than  twice  that 
dist.-.iicc.  or  44Sti  km  this  anab.sis  imlkales  the  presence 
ol  disturbances  with  waveleneths  ol  rnuehly  IS  .Slid  km  at 
Sd  km.  close  to  pl.inetary  waveleneth  number  one  at  bd  N 
Inlormalion  Irom  Kantnr  and  C'ole  |  Id7‘l|  on  the  eortel.itions 
between  densities  at  points  up  to  .'71)  km  apart  m  tropical 
recions  is  provided  in  Table  I.S-2d.  lor  levels  between  Id 
and  bd  km 

the  rms  din'erence  between  the  densities  at  two  poin’s 
can  be  estimated  bv 
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Tibk  15- 18b.  Mniiin.  high,  mi  low  valoci  of  dcnsilies  given  u  percenlagc  depanure  from  U  S  Standard  Atm»spfj;re  197ft  for  January  and  July  at 
45' N 


■ 

Altitude 

(kml 

Median 
(5}  of 

Sldl 

_ 1 

\m 

20'T 

D.S.  Std 
ITcnsity 
(kg/m'l 

High 

lalW' 

Htgh  ! 

..  ...  . 

l.ovv 

High 

Low 

January 

5 

0 

■t-4 

-  3 

+  .3 

2 

-t.  2 

-  1 

7  . 364  3  -  1 

10 

-t-6 

-  10 

+  .3 

-6 

+  1 

-  4 

4  1351 

15 

-  3 

-(4 

-  12 

+  1 

-S 

-  1 

-6 

1  9476' 

20 

_  T 

-f  2 

-S 

0 

-6 

-  1 

-  5 

8.S9I0  --  2 

2.5 

*) 

-t-  2 

-S 

0 

-6 

-  1 

-5 

4,00S4 

M) 

-  5 

+  1 

-  17 

_  T 

-  13 

-4 

-  9 

1  S4I0 

.35 

-  6 

-(-  2 

-20 

~  2 

-  16 

-  4 

-  12 

8  4634  -  3 

40 

S 

■C  5 

-  23 

0 

17 

-4 

-  13 

3  9957 

45 

q 

f-S 

+  2 

-  16 

-3 

,  -  14 

1.9663 

.50 

e  S 

+  11 

-20 

+  4 

-  16 

-.3 

-  14 

1 .0269 

55 

-  9 

+  9 

-25 

e2 

IS 

-4 

-  16 

5  6X10  4 

60 

-  12 

*7 

-2S 

0 

-  23 

-7 

•  20 

3  0968 

65 

-  14 

0 

-.3X 

-  5 

.34 

-  10 

-  :s 

1  632  1 

70 

-  15 

♦  2 

-  3S 

-  9 

.V) 

12 

-  26 

s  2x:;s  -  5 

75 

16 

-  3 

-.3S 

-9 

:30 

-  12 

-  26 

3  9921 

SO 

23 

^  T 

-  42 

-S 

36 

.  -  It) 

-  .V) 

1  S45X 

July 

5 

2  ' 

*  1 

-5 

-  1 

-  4 

-  1 

-  3 

'  7  .364  3  -  1 

10 

0 

V  3 

-4 

*  2 

.  •» 

+  1 

--  1 

4  1351 

15 

*-  s 

♦  17 

-f  2 

♦  15 

+  4 

+  13 

+  5 

1  94  7h 

20 

■*  ^ 

-t  II 

0 

-vS 

,  2 

-7 

-s  3 

K  K910  -  2 

♦  7 

•t  10 

+  4 

-  9 

4.  S 

*  S 

-6 

4  (X)H4 

30 

-►  7 

•  12 

0 

‘  9 

♦  2 

+  S 

*  4  • 

1  S410 

35 

♦  9 

V  If. 

0 

-  12 

-  3 

+  10 

♦  6 

S  4634  3 

40 

*  13 

-  21 

-  4 

-  16 

•  3  . 

-  14 

+  10 

3  9957  , 

45 

♦  15 

•  -.6 

*6 

-  20 

-  10 

+  IS 

+  12 

1  9663 

50 

-  17 

-  fl 

+  9 

*  25 

+  12 

-  21 

+  14 

1  0269 

55 

•  17 

•  32 

-  S 

‘  2  -5 

t  1 1 

•  22 

+  14 

5  6810  4 

60 

19 

•  V> 

+  4 

-r  26 

-  10 

+  24 

+  13 

3  096S 

65 

-r  20 

*  4H 

-  4 

+  35 

10 

+  .30 

+  13 

1  6321 

70 

-  20 

• 

0 

*  32 

•  9 

+  27 

+  12 

8  2H2.S  ■  .' 

75 

c  19 

•  4(t 

“t 

♦  ,30 

i  7 

+  26 

+  1 1 

3  w:  1 

SO 

*  14 

*  .'2 

4 

*  .30 

+  4 

‘  25 

+  9 

1  8458 

!».,  =  \  ir;  -r  it;  2r,,  tr  .  rr,.  fl"!  24f 

where  rr,,  is  the  esIinialeJ  rms  difference  between  densities 
at  points  X  and  >.  <r;and  <r;are  the  variances  of  dcr>sit\ 
.around  the  nionthlv  mean  values,  and  and  r,,  is  the  corre¬ 
lation  coefficient  between  the  densities  at  points  x  and  y. 
For  short  distances  (up  to  .550  ktii)  ir;  and  it;  can  usually 
be  assumed  to  be  equal 

The  estimated  rms  difference  between  densities  that  arc 


observed  simultaneously  at  Itxrations  *!().  ISO  and  360  km  ^  : 

apan  in  the  tropics  arc  presented  in  Table  15-21  for  altitudes 
between  10  and  W)  km:  For  a  given  month,  the  ms  d  ffei- 
ences  provided  in  Table  1 5-2 1  can  he  consi  Jeiea  to  repri  scni 
vanabiliiy  anHirnl  the  nK'an  monthly  density  griKlieiits.  which  ' 

are  pive.i  in  Table  15-22  |Cole  and  Kantor,  19^5]  for  the 
indicated  latitudinal  differences,  l.origi.  .''inal  differen  e  rc 
main  near  ?cro  in  tropical  areas.  Informa, ton  on  the  spat.  d 
variability  of  density  is  useful  in  determining  how  accurately 
a  density  observation  taken  75  to  500  km  from  the  point  of  s  ! 


15-35 


CHAPTER  15 


Ttthlc  15-iKc.  MeJun.  high,  and  low  valuer  of  densities  given  as  percentage  depanure  from  U.S.  Standard  Atmosphere  1976  for  January  and  July  at 
HfS 


■Altitude 

(kliil 

Median 
f'i  of 

Std) 

151 

lOT 

209f 

U.S.  Sfd 
Density 
(kg/m') 

High 

Low 

High 

Low 

High  1 

_ l_ 

Low 

January' 

5 

*  1 

+  6 

-3 

-64 

-  1 

+  2 

0 

7.3643  -  i 

ID 

6 

'  -1-3 

-  I5 

+  2 

-15 

-3 

-  10 

4.1.351 

15 

9 

2' 

-  I5 

-5 

-  12 

-6 

-  II 

1.9476 

2D 

S 

1 

-  IS 

-5 

-  II 

-6 

-  10 

8.8910  -  2 

'  .  2'' 

7 

.  3 

-  I6 

_2 

-12 

-4 

-  10 

4.0084 

.fO 

ID 

1-7 

-  .37 

+2 

-  18 

-  2 

-15 

1.8410 

.f.S 

12 

iH 

-  35  ' 

-3 

-27 

-3 

-  19 

8.46.34  -  3 

OD 

IS 

-  ID 

-.36 

'+5 

-.30 

-4 

-20 

3  99.57 

4s 

21 

r  12 

-39 

+5 

-34 

- 10 

-24 

1,9663 

5d 

26 

-  I4 

,-43 

+3 

-  36 

-  15 

-29 

1.0269 

55 

-  32 

-  9 

-4X 

-  lO 

-.39 

-  20 

-  .3.5 

5.6810  -  4 

w> 

Aft 

r  4 

-  .54 

-  I2 

-40 

-25 

-.39 

3.0968 

hS 

.36 

s 

50 

-  lb 

-46 

-27 

-42 

1  6.321 

?li 

,17 

12  , 

-  54 

-  25 

-49 

-32 

-  4  .3 

8.2828  -  5 

75 

35 

ID 

-53 

-24 

-47 

-30 

-42 

3.9921 

‘  sti 

2K 

I  I 

53 

-I7 

-47 

-21 

-40 

1.8458 

July 

s 

1 

-»•  ' 

“5 

+  I 

-4 

0 

-  3 

7  364  3  1 

ill 

D 

*  7 

-8 

-i-4 

-  5 

.  4-2 

-3 

4  1.351 

‘ 

D 

•  6 

...7 

*  3 

-4 

+  2 

-  2 

1  9476 

rn 

- 

'  •? 

. 

-6 

0 

i  5 

4 1 

8.8910  -  2 

2^ 

,  A 

-  H 

*  I 

7 

+  2 

46 

+3 

4.(X)X4 

9) 

'  7 

-  I2 

I 

i>i 

+  2 

48 

+4 

1  8410 

3S 

•  ID 

-  IX 

D 

r  14 

-  3 

+  12 

+7 

8  4634  -  3 

(O 

•  15 

-  25 

*  5 

-  19 

-a  10 

4  P 

4 12 

3.9957 

4 

.  * 

•  :x 

.  7 

•  25 

-  13 

-V  2  3 

r  K, 

1  9(rf>3 

SD 

.  25 

-  ID 

+  30 

4  16 

4  7H 

4  22 

1  0269 

> 

. 

• 

♦  I  I 

-  .30 

-s  16 

-  29 

4  22 

5  6810  -  4 

’  2?^ 

•  42 

-  I  I 

-  39 

4  16 

^  33 

4  22 

3  0968 

-  15 

-  50 

^  M 

-  44 

4  IX 

4  .49 

4  28 

1  6321 

1 

-  42 

,  52 

-  1 2 

•  4A 

4  20 

-►44 

*  M) 

8.2828  -  5 

-s  , 

•  44 

•  -^x 

f2 

'  52 

1  2D 

♦  4X 

4  35 

3  9‘)2 1 

Hr) 

'  56 

-  ID 

.  so 

*  IX 

4  44 

*  V) 

1  8458 

:u 

S 


i 


\V 

Sv 


A*.' 


xt'ini  U'  rfprO'-?/n;N' !hi.“  .;>»nJihor»s  encountered  »n  the 

rcen'ifA 

15.2.4  Sfa?is,ical  Appfkations  to 
Recnfry  Problems 

Ihc  rci;iti\  cl>  Liryc  niiniberu!  available  r.idio'-ondc.  and 
iTii.'!i.'<>rnl(ii,'!ta!  riK'ket  obvervaiion'-  p<:miu  a  detaded  jn:d- 
\si'.  of  !hc  i.  h.irai'loii'.tii.'s  of  atmnsphi'ic  den^ily  profiles  a‘ 
alntuJcs  be!o'A  bO  kni-  Arrays  of  means  and  standard  dc- 
Muiions  of  density  at  2-km  intervals  of  altitude  from  the 


surface  to  Hi  km.  togetSier  with  interic'.cl  correlation  eoel- 
ficients  hrtween  lescis  ha\e  K'cn  developed  for  tnipical. 
temperate  and  arctic  rccions  jCole  and  Kanior,  NSO).  Ta¬ 
bles  l5-2.da  to  |S-2.ff  contain  statisticai  arrays  of  (Icnsity 
for  the  months  of  Jansiarv  arrd  juiy  at  Kwajalein  (9'N-. 
Wallops  Island  (d8  Ni,  and  Ft  Churchil'i  (59'N) 

Variations  in  the  range  or  deceleration  of  free  falling 
obiects  or  hallistic  missiles  that  arise  from  day-to-day  changes 
in  atmospheru  .density  can  be  estimated  from  Tahics  15- 
23a  to  15-23f  The  integrated  effect.  E.  of  mean  monthly 
density  on  the  trajectory'  or  impact  point  of  a  missile  cari 
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Table  IS-IHd.  Median,  high,  and  low  value%  of  densities  given  a,  percenlage  depaiture  fnim  U  S.  Standi.n]  Alm»s|^Te  197b  fur  January  and  July  al 
75’N 


Altitude 

Median 

of 

lOCf 

2m 

U.S.  .Std 
Density 

High 

(km) 

Std) 

High 

Low 

High 

Low 

Low 

(kg  m') 

January 

5 

-1-2 

-1-6 

-  1 

+  5 

0 

+  4 

+  1 

7.. 3643  -  1 

10 

-8 

+  2 

-  18 

-3 

-  13 

-5 

-  10 

4,1.351 

15 

-  iO 

-  1 

-  18 

-6 

-  14 

-8 

-  13 

1 .9476 

20 

-  12 

-  1 

-22 

-6 

-  17 

-  8  , 

-  15 

8.8910  -  2 

25. 

-  I-*? 

2 

-28 

-8 

-20 

-  10 

-18 

4.{K)84 

M) 

-  21 

-4 

-.36 

-9  ' 

-26 

-  16 

-24 

1  8410 

35 

-  .25 

0 

-43 

-  10 

-.32 

-  16 

-.30 

8.4634  -  3 

40 

-♦4 

-48 

-9 

-.38 

-  16 

-.38 

3  <>057 

45 

-  : 

-I-S 

-.52 

-6 

-45 

-  16 

-.39 

1.966.3 

.50 

.'n 

■l■4 

-.5b 

-8 

-48 

-20 

-42 

1 .0269 

55 

-  44 

■v  5 

-b.5 

-  10 

-.56 

“23 

-50 

5.6810  -  4 

bO 

-4b 

0 

-70 

-  16 

-60 

-.32 

-.55 

3.0968 

b5 

-47 

*  1 

-66 

-27 

-62 

-35 

-58 

i.632l 

70 

-48 

-  1 

-M 

-  21 

-62 

-.35 

-60 

8.2828  -  5 

75 

-45 

-  10 

-65 

-I- 25 

-57 

-  35 

-  53 

3.9921 

SO 

-  40 

-  8 

-55 

24 

-.50 

-  .34 

-  45 

1.8458 

i , 

July 

i  5 

1 

-♦4 

V  3 

-  1 

0 

7  .3643  -  1 

!  10 

-  4 

-S  5 

-  12 

■s  3 

-  10 

i) 

-  7 

4  1.351 

15 

4 

+  2 

-9 

0 

-  7 

' 

-  b 

1  9476 

20 

•  1 

♦  b 

-  4 

4 

__  ■» 

♦  3 

-  1 

8  8910  -  2 

*  s< 

I 

-  1 

♦  10 

8 

•  6 

-  3 

♦  5 

.  > 

4  t*l84 

i  VI 

-7 

♦  13 

-,2 

♦  10 

+  5 

♦  8 

+  6 

1  8410 

.f5 

•  12 

♦  25 

♦  3 

♦  18 

♦  8 

♦  lb 

♦  10 

8  4h34  3 

'  40 

♦TV 

♦27 

♦  6 

♦  23 

♦  13 

•  21 

7  lb 

3  9957 

*  25 

♦  35 

♦  10 

♦  .V) 

♦  18 

♦28. 

♦21 

1  9fV.3 

i  ,V)  ' 

♦ 

-  40 

♦  10 

•  35 

♦  20 

♦  32 

♦24 

1  0269 

!  55 

♦32 

•  42 

♦  10 

♦.39 

♦  20 

-r  35 

♦  25 

5  6810  4 

! 

♦  37 

f  18)68 

f>5 

♦  4S 

1  Insufficient  data  aNne  55  km 

1  6^21  i 

70 

♦  h.'l 

in  ^ufn^K'^ » 

8  2828  '  5 

75 

♦  h7 

■ 

3  '8)2  I 

i  SO 

♦  M 

, 

18458 

fve  dctcrniincd  fur  j  vpi'vilk-  location  b\  ciiiiipulcr  Tliphls  " 
through  niiMii  monthly  or  voavonal  dcnMty  profiles  if  the 
proper  intluenee  eoeftieienis.  C..  for  the  missle  at  variojs 
levels  are  given  h.ir  example,  we  ean  write 

K  =  iC,r'.  ( l.'i  25  ( 

where  p,  is  the  mean  monthly  density  al  the  ilh  level.  The 
influence  ciK'fficients  depend  upvin  aerixlynamic  character¬ 
istics.  reentry  angle,  and  the  speed  of  the  vehicle.  The 
integrated  standard  deviation  in  range  or  deceleration  ir„„. 


due  to  day  -to  d.iv  variations  from  the  mean  seasonal  or  the 
HKun  monthly  densitv  prohle  can  he  obtained  Irom 

ir,',„  -  2;,,  C,  ir,  r„  •  C,  ir,.  ( i5  2hi 

where  ir  is  the  integrated  variance  for  ail  layers  being 
considered,  f,  and  C.  are  mliiience  coefficients  al  the  ilh 
and  Ilh  levels,  rr  and  ir,  are  the  standard  dev  lations  of  density 
al  the  two  levcK.  and  r,,  is  the  correlation  coefficient  between 
densities  at  liie  two  levels  In  these  computations  density  is 
assumed  to  have  a  Gaussian  distribution  at  all  levels  As  a 
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Table  IS-I**  Sundard  devialii>n\  ('J )  of  observed  day-lo-day  variations 
in  densiiv  around  the  numthly  iiK'an  at  Ascen-ion  Island 

irsi 


Altitude 

(km) 

S.D.  of  Density  (T  of  Monthly  Mean) 

Jan 

Apr 

July 

Oct 

5 

0.4 

0  3 

0.3 

0.4 

10 

0.4 

0.4 

0.4 

0.4 

15 

0.8 

0.7 

0.8 

0.7 

20 

1.5 

1.3 

1.8 

1.3 

25 

1.3 

1.3 

1.2 

1.3 

30 

1.2 

1.2 

1.4 

1.2 

35 

1.8 

1.8 

1.4 

1.2 

41,  • 

2.3 

2.1  , 

1.8 

1.8 

45 

2.3 

2  3 

2  6 

2.3 

.50 

2.7 

2.5 

2.6 

2-7 

result,  the  ernw  in  the  CEP  (the  circle  within  which  50‘>f 
of  the  events  are  expected  to  occur)  will  be  generally  less 
than  lOTi. 

15.2.5  Variability  with  Time 

Studies  based  bn  radiosonde  observations  have  shown 
that  there  are  ms  significant  diurnal  sanations  in  density  at 
alti'udes  up  to  .V)  km.  The  analysis  of  meteorological  rocket 
observations,  however,  indicates  the  presence  of  a  signifi¬ 
cant  diurnal  oscillation  in  density  at  altitudes  between  .^5 
and  60  km  The  phases  and  amplitudes  of  the  diurnal  os¬ 
cillation  at  these  altitudes  are  best  defined  in  the  tropics. 
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Figr-'c  15-20.  IX'c;iy  f»f  density  rt>jn,*!.ifiims  ssith  dislanco  at  various  al¬ 
titudes  in  midJiilitudcs 


Tcble  15'20,  Cunvlation  a^efticients  hetwetn  densities  at  points  up  to 
.WO  kn^  apart  in  the  tropics. 


Altitude 

(km) 

Correlation  Coefficient 

90  km 

180  km 

370  km 

10 

0.97 

0.95 

0.90 

20 

0.98 

0.97 

0.92 

30 

0.98 

0.97 

0.92 

40 

0.98 

0.97 

0.92 

.50 

0.98 

0.97 

0.92 

60 

0.98 

0.97 

0.92 

The  decrease  in  the  number  of  available  observations  above 
60  km  and  the  larger  random  observational  errors  at  the 
higher  altitudes  make  it  difhcult  to  obtain  reliable  estimates 
of  the  magnitude  of  the  diurnal  variations  at  altitudes  be¬ 
tween  60  i.id  90  km. 

The  50-km  densities,  fnim  a  scries  of  soundings  taken 
at  Ascension  during  a  4K-'h  period  in  April  1966  |Cole  and 
Kantor.  19751  are  plotted  versus  local  fime  in  Figure  15- 
21.  Densities  arc  given  as  pea'ent  departure  friim  those  for 
the  1976  U.S.  Standard  Atmosphere.  The  crosses  represent 
averages  of  obsetvafions  taken  within  two  hours  of  each 
other.  Harmonic  analysis  of  the  eight  average  values  pro¬ 
duced  the  solid  curve  when  the  hrsl  and  second  harmonics 
fw  the  48-h  period  were  added  together.  An  f -test  indicates 
that  the  second  harmonic,  which  represents  the  diurnal  os¬ 
cillation  in  density,  has  an  amplitude  of  slightly  less  than 
4'if  fa  range  of  almost  )  and  is  significant  at  the  I'll-  level; 
it  reduces  the  observed  vanance  by  9 IT  .  Maximums  occur 
at  16(10  and  minfmums  near  (UOO  local  lime  From  this 
analysis  it  is  apparent  that  the  diurnal  oscillation  is  the 
donrimani  shon-pemxl  tluviualion  at  50  kn-.. 

The  rms  differences  between  density  observations  taken 
fn>m  I  to  .T6  hours  apart  also  provide  a  measure  of  the  rate 
of  change  in  density  with  time  at  a  given  altitude  CompiJted 
rms  values  Inm  the  Ascension  senes  mentioned  above  itre 
shown  as  a  function  of  tinK*  in  Figure  15-22  F'r  altitudes 
from  .<5  to  60  km  The  rumher  of  pairs  of  observations 
available  for  each  time  inierval  is  also  shown  Since  at  time 
T  -  O  the  mis  change  in  space  is  zero,  an  estimate  of  the 
random  observational  error  can  be  obrained  from  the  ob¬ 
servations  themselves  by  extrapolating  curves  in  Figure  15- 
22  back  to  zero  hours  This  priKcdure  indicates  that  the 
random  rtns  errors  are  apprbxinuilcly  IT  at  .^5  and  40  km, 
and  I.5T  to  2-OT  at  altitudes  between  45  and  60  km 

If  there  an;  no  wcll-detincd  periodic  oscillations  within 
a  24-h  pcritxl,  the  rms  variability  would  be  expected  to 
increase  smcHsthly  with  time  until  it  reached  a  value  rep¬ 
resenting  the  climatic  or  the  day-io-day  variability  around 
the  monthly  mean.  Hovsever,  a  \vel!-defined  24-h  oscillation 
can  be  seen  (Figure  15-22)  in  the  rms  density  variations  at 
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Tabic  15-21  Estimaicd  rms  differences  of  mean)  between  densities  at  UKatiuns  90.  180.  and  .IbO  km  apart  during  the  midseason  months  in  the  tropics. 


Altitude 

(km) 

90 

January 

180 

km 

360 

90 

April 

180 

km 

360 

90 

July 

180 

km 

360 

90 

October 

180 

km 

360 

10 

0.10 

0.13 

0.18 

0.10 

0.13 

0.18 

0.10 

0,13 

0.18 

0.10 

0.13 

0.18 

15  ' 

0.13 

0,17 

0.25 

0.11 

0,14 

0.21 

0.16 

0,20 

0.30 

0.16 

0.20 

0.30 

18 

0.50 

0.61 

1.00 

0.34 

0.42 

0.68 

'  0..30 

0,37 

0,60 

0.34 

0.42 

0.68 

20 

0.28 

0,34 

0.56 

0,28 

0..34 

0.56 

0.24 

0.29 

0.48 

0,24 

0,29 

0.48 

25 

0.28 

0.34 

0..56 

0.28 

0.34 

0.56 

0.24 

0.29 

0.48 

0.26 

0.32 

0.52 

.50 

0..30 

0..37 

0.60 

0.30 

0.37 

0.60 

0.28 

0.34 

0,56 

0,30 

0,37 

0.60 

35 

0.34 

0.42 

S8 

0..30 

0.37 

0.60 

0.3C 

0,37 

0  60 

0.36 

0.44 

0.72 

40 

0.40 

0.49 

o.rj 

0.44 

0.54 

0.88 

0.48 

0.59 

0.96 

0.44 

0,54 

0.88 

45 

0.46 

0.56 

0.92 

0.40 

0.49 

0.80 

0.60 

0.73 

1.20 

0.52 

0.64 

1.04 

50 

0.56 

0.69 

1.12 

0.54 

0.66 

1  08 

0  72 

0  88 

1,44  , 

0.54 

0.66 

1.08, 

55 

0  66 

0  81 

1.32 

0.56 

0  69 

1  12 

0.84 

1.03 

1.68 

0,78 

0.96 

1.56 

60 

0.84 

1.03 

1.68 

,0.66 

0.81 

1.32 

1.00 

1  .,22 

2.(X) 

0,82 

1.00 

1.64 

all  altitudes  between  40  and  60  km  with  maximums  at  12 
and  36  houn  and  a  minimum  at  24  hours.  An  analyses  of 
meteorological  rocket  observations  taken  at  Kwajalein  (9'’N) 
and  Ft.  Sherman  t9°N)  show  similar  results  IKantor  and 
Cole,  19811.  The  diagram  in  Figure  15-22  and  the  results 
of  similar  studies  show  that  in  the  tropics  an  observation 
24  hours  old  IS  more  representative  of  actual  conditions  than 
one  12  hours  old. 

The  observed  rms  variations  of  density  with  time  lags 
of  I,  2. and  6  hours  are  shsiwn  in  Figure  15-23  for  levels 
between  60  and  90  km  at  Kwajalein  This  information,  from 
Cole  et  al  |I979|.  is  based  on  a  July  1978  senes  of  high- 
altitude  ROBIN  falling  sphere  flights  rt  Kwajalein.  The  first 
profile  represents  ihe  estimated  rms  observational  error. 

The  rms  variations  of  density  with  time  at  tbc  50-km 
level  are  shown  in  Figure  15-24  tor  Wallops  Island  |38\S> 
and  Ft  Churchill  (59'N  i  for  the  months  of  January  and  July 


Unlike  the  tropics,  a  24-h  oscillation  in  density  is  not  ap¬ 
parent  from  this  analysis  which  is  ba.sed  on  eight  years  of 
data  at  Ft.  Churchill  and  ten  years  at  Wallops  Island.  Tlie 
diurnal  oscillation  is  relatively  small  and  is  probably  masked 
by  instrumentation  errors  and  changing  synoptic  patterns. 
The  rms  variability  at  both  locations  increa.ses  with  time 
until  the  climatic  values  of  day-to-day  variations  around  Ihe 
monthly  means  are  reached. 

15.3  ATMOSPHERIC  PRESSURE 
UP  TO  90  KM 

Pressure  data  pnivided  in  this  section  are  ba.sed  on  (I) 
routine  radiosonde  observations  taken  by  national  weather 
services  a.id  extending  to  approximately  .W  km.  and  (2) 
measurements  from  rockets  and  instruments  released  from 


22  cfsHlirnfs  I'T  change  per  |HO  km'  in  Ihc  iropitN 


!  Altitude 

1  (km) 

January 

Gradient  t'i- 1 

_ L 

— 

April 

Gradient  ( '3 ). 

— 

July 

Gradient  ('3  l 

pctiiber 
Gradient  (*3 ) 

1  10 

0(11 

002 

0()4 

i  15 

0(5 

0  17 

0  05 

20 

0.12 

0  23 

0()6 

25 

0  04 

0.14 

0  10 

0  14 

.30 

0.26 

,  0  1.’ 

0  14 

0.21 

35 

0  13 

0  22 

0,16 

0.23 

40 

003 

0.16 

0.16 

0.20 

45 

0,14 

001 

0.17 

0  21 

50 

0  1 1 

0.09 

'  0.12 

0.20 

55 

0,08 

'  0,12 

0.04 

0.27 

60 

0  09' 

0.04 

- 1 

0.10 

0  25 

KM  Ktloracicn  Above  Sea  Level 
mean  Average  of  Observed  VaJoti 
STOV  SlanJard  Deviation  of  Vaiue!^  Timei  tO 
N  Number  of  Valuev  at  l-Ab  Altitude 


Multiply  mean  by  indicated  negative  power  of  10 

‘Multiply  tabular  values  by  0.01  to  obtain  correlation  coefficients 


Kilofneten  above  Sea  Level 
Average  of  Observed  Values 
Standard  Devialioo  of  Values  Tunes  10 
In  Percent  of  Mean  Times  10 
Number  of  Values  at  Each  Altitude 


Multiply  mean  by  indicated  negative  power  of  10 

•Multiply  tabular  values  by  0.01  to  obtain  correlation  coefficients 


KM  Kiiometen  Above  Sea  Level 
MLAN  Avera(te  of  <^>served  Vriues 
STDV  StandanJ  Deviation  of  Valuei^  Ttmeii  10 
N  Number  of  Valuer  at  Each  Altitude 


^Multiply  moan  by  indicated  negative  puuer  of  10 

•^Multiply  tabular  values  by. 0.01  to  oolain  correlation  ciiefftcients 
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Figure  13-21 .  Diurnal  density  (SO  km)  variation  at  Ascension  Island.  (Dots  indicate  observed  values,  x's  represent  3-h  averages,  and  the  solid  line  depicts 
the  computed  diurnal  cycle.) 


rockets  at  altitudes  between  25  and  90  km.  Both  data  sources 
are  supplemented  with  pressures  derived  from  measure¬ 
ments  made  from  earth-orbiting  satellites.  Although  atmos¬ 
pheric  pressure  above  radiosonde  altitudes  is  occasionally 
measured  directly,  it  normally  is  calculated  hydrostatically 
(as  discussed  in  Chapters  14)  from  observed  temperatures 
or  densities  for  altitudes  above  30  km.  These  data  are  in- 
tencf^u  for  use  in  design  problems  involving  variations  in 
the  heights  of  constant  pressure  surfaces  and/or  changes  in 
pressure  at  specific  altitudes. 


15.3.1  jSea-Level  Pressure 

The  variations  of  sea-level  pressure  normally  have  little 
effect  on  the  operation  of  surface  equipment.  However,  in 
ftie  design  of  sealed  containers  that  could  possibly  explode 
or  collapse  with  pressure  changes,  the  range  of  surface  pres¬ 
sures  likely  to  be  encountered  should  be  considered.  Surface 
pressures  vary  with  the  height  of  the  station  above  sea  level 
as  well  as  with  changing  weather  patterns.  Standard  ait- 
mospheric  pressure  at  sea  level  is  1013.25  mb,  but  there 


Figure  15-22.  Rool  mean  square  (rms)  lag  variabilily  of  density  with  time  at  Ascension  Island. 
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DENSITY 


Tahic  15-24.  Sca-lcvcl  presvuivs  cxcccdid  'W'f  and  IVt  dl  the  liiiK 
Januarv. 


RMS  VARIATION  (PERCENT  OF  MEAN) 

Figu"c  I5-2.V  The  mis  varialinn  in  densjis  for  lime  lags  of  I  to  6  h  at 
KKajaleln. 


are  sizable  variations  from  this  value  with  both  time  and 
location. 

Tabie  15-24  indicates  extreme  sea-level  pressures  that 
may  be  encountered  in  the  Northern  Hemisphere.  During 
the  month  of  January .  pressures  exceeded  99U  of  tlie  time 
are  given  for  areas  under  the  intluence  of  semipermanent 
cyclones,  and  pressures  exceeded  {''/<  of  the  time  are  given 


L'K’ation 

Pressure 

(mb) 

Aleutian  low 

Exceeded  WVr  of  time 

965 

Icelandic  low 

95.5 

.Siberian  high 

Exceeded  17(  of  time 
,  1057 

Pacific  high 

10.58 

Canadian  high  ' 

10.52 

in  areas  under  the  influence  of  anticyclones.  In  the  Northern 
Hemisphere  extreme  values,  excluding  tropical  cyclones  and 
tornadoes,  are  most  likely  to  tx;cur  in  these  regions  during 
January,  Table  1.5-25  lists  for  comparison  actual  worldwide 
pressure  extremes,  including  those  resulting  from  storms  of 
tropical  origin.  Examples  of  mean  sea-level  pressures  and 
typical  fluctuations  are  given  in  Table  15-26  which  contains 
mean  sea-level  pressures  for  the  four  midseason  months  and 
the  standard  deviations  of  daily  values  around  these  means 
for  16  specific  liK'ations  in  the  Northern  Hemisphere. 

15.3.2  Seasonal  and  Latitudinal  Variations 

The  Reference  Atrhospheres  presented  in  Chapter  14 
provide  tables  of  mean  rnonthly  pressure-height  profiles. 


Rim  DIFFERENCES  BETWEEN  DENSITIES  OBSERVED  I  TO  T2  HOURS  APftRTi  X  »  5  BURS,  OSS  BURS 
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Tibk:  15-25.  Worldwide  pressure  extremes. 


Pressure 

(mb) 

Location 

Date 

LOW 

World 

870* 

I7°N,  138°E.  Typhoon  Tip  [Wagner.  1980] 

12  Oct  1079 

876* 

I3°N,  14I°E,  Typhoon  June  [Holliday,  i976] 

19  Nov  1975 

877* 

19°N,  I35°E.  Typhoon  Ida  [Riordan,  1974] 

24  Sep  1958 

877* 

15°N.  I28°E,  Typhoon  Nora  [Holliday.  1975] 

6  Oct  1973 

No.  America 

892.3 

Matecumbe  Key,  Florida,  hurricane  [Riordan,  1974] 

2  Sep  1935 

HIGH 

World 

1083.8 

Agata,  Siberia  [Riordan,  1974] 

31  Dec  l%8 

1075.2 

Irkutsk,  Siberia,  [Valley,  1965] 

14  Jan  1893 

No.  America 

1067.3 

Medicine  Hat.  Alberta  [Riordan.  1974] 

....  , 

24  Jan  1897 

•Dropsonde  measurements 


sutfact;  to  90  km.  for  15°  intervals  of  latitude  from  the 
equator  to  tlie  north  pole.  These  atmospheric  models  de¬ 
scribe  both  .seasonal  and  latitudinal  variation  of  pressure. 
Figure  15-25  contain  the  vertical  pressure  profiles  for  the 
midseason  months  at  each  of  four  latitudes:  15°.  30°.  45° 
and  60°N.  The  profiles  are  displayed  as  percent  depar¬ 
tures  from  the  U  S.  Standard  Atmosphere.  1976.  Pres¬ 
sures  at  altitudes  between  2  km  and  70  or  80  km  are 
highest  in  summer  and  lowest  in  winter  over  regions 
poleward  of  30°N.  In  tropical  latitudes,  seasonal  differ¬ 


ences  arc  sii'iall  and  do  not  display  a  systematic  seasonal 
pattern.  Departures  from  standard  generally  increase  wiih 
latituue.  Thus,  largest  seasonal  differences  are  shown  at 
60°N  where  mean  monthly  pressures  at  60  to  70  km  are 
nearly  40%  greater  than  standard  in  July  and  30%  to  36% 
less  than  standard  in  January.  Consequently,  July  values 
are  roughly  twice  those  in  January  between  60  and  70 
km.  Pressures  at  these  levels  at  75°N  (not  shown)  are 
roughly  10%  lower  than  these  values  in  winter  and  15% 
higher  in  summer. 


Tab!-  15-26.  Mean  momhiy  sca-lcvcl  pressures  and  standard  deviations  of  daily  values. 


Location 

January 

April 

July, 

October 

Mean 

S.D. 

Mean 

S.D. 

Mean 

S.D. 

Mean 

S.D 

Latitude 

Longitude 

(mb) 

(mb) 

(mb) 

(mb) 

(mb) 

(mb) 

(mb) 

(mb) 

10°N 

70°W 

MWM 

2 

■m 

1 

1011 

1 

20°N 

70°W 

2 

■  H 

2 

1013 

2 

30°N 

70°W 

6 

1021 

3 

4 

40°N 

70°W 

'0 

1017 

9 

1016 

5 

1018 

8 

50!’N 

70°W 

12 

'  1014 

10 

1011 

6 

11 

60°N 

70°W 

1008 

II 

1014 

10 

1008 

7 

1008 

'  70°N 

70°W 

1004 

11 

1014 

10 

1009 

6 

1C 

70°W 

1011 

11 

1020 

9 

1011 

6 

8 

20°E 

1012 

4 

1008 

3 

1009 

2 

2 

20°N 

20°E 

1017 

4 

1011 

3 

1008 

2 

1012 

,  2 

30°N 

20°E 

1019 

5 

1014 

4 

1012 

3 

3 

2()°E 

,  1018 

9 

1013 

6 

1013 

3  . 

1016 

5 

50°N 

20'E 

1020 

12 

1013 

7 

1013 

5 

1017 

8 

2()°E 

1015 

.  16 

1012 

10 

1011 

7 

1011 

II 

70°N 

20°E 

1004 

15 

1010 

10  . 

1012 

7 

1005 

II 

80°N 

20°E 

1008 

15 

|6|6 

10 

1014 

7  , 

1010 

A' 


Emu 


ItHOCr  APA  JUL 


-20  0  *20 


-2C  0  *20  -10  0  <10  -10  0 


PERCENT  OEPARTliRE  PROM  US  STANDARD  ATMOSPHERE 
Figure  15-25.  Prcssure-allilude  proltics  lor  mUlNcason  monihs. 


Tabic  15-27.  Average  neight  arj  vlandard  deviation  at  standard  pressure  levels  over  North  .America.  W  to  l(X)°W 


Average  Height  and  Standard  Deviation 


20'N  ,  .VI°N  40°N  SlfN  WfN 

Pressure  Mean  S.D.  Mean  S.D.  Mean  S.D.  Mean  S.D.  Mean  S.D.  ^ 

(mb)  (km)  (m)  (km)  (m)  (km)  (m)  (I;m)  (m)  (km)  (m)  ( 


Pressure 

(mb) 

20'N 

Mean 

(km) 

S.D. 

(m) 

,  .W°N 
Mean 

(km) 

S.D. 

(m) 

4()°N 

.Mean 

(km) 

S.D. 

(m) 

.50'“N 

Mean 

(I;m) 

S.D. 

(m) 

January 

7(X) 

.V!65 

.W 

.VI 15 

55 

3.015 

85 

2.865 

l(K) 

.5(H) 

5.H4.5 

40 

5.745 

X.5 

5. 565 

125 

5.. 540 

145 

.KX) 

9.. 5^5 

55 

9.425 

125 

,  9.1.50 

175 

8.825 

195 

2(X) 

12.2X0 

70 

I2.(X)0 

1.50 

11  765 

165 

1 1 .4.5() 

175 

l(X) 

16.455 

55 

16  .525 

95 

16.110 

no 

15.890 

145 

.51) 

2()..54() 

I.V) 

2(I..5(K) 

2(X) 

20.415 

215 

20.280 

215  2 

25 

24.9(X) 

210 

24.S6.5 

245 

24.790 

5.55 

24,555 

275  2 

15 

28.I(K) 

245 

2X.().5() 

2X.(XX) 

-565 

27.7.50 

.565  2 

i(} 

.M)  WK) 

2.50 

.50.5.50 

.5X0 

.50.,5(X) 

4(X) 

50.2.50 

5X0  .5 

70°N 

Mean  S.D. 
(km)  (m) 


«0°N 

Mean  S.D. 
(km)  (m) 


2.690  75 

5  055  1 25 

8.580  ISO 

10.920 

195 

15  195 

|<M) 

19  440 

1X0 

25,423 

2.50 

26, 5.50 

.505 

28  7.50 

260 

>5 

21 

'S 

25 

28 
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Tabic  15-28.  Departures  fn)m  mean  monihly  pressur?:.  (Cf)  exceeded  less  than  5%  of  the  time  in  January  and  July.  Values  below  30  km  are  based  t>n 
radiosonde  obsersations.  Those  values  above  30  km  are  based  on  rocketsonde  observations 


Height 

January 

July 

(km) 

75°N 

60°N 

45°N 

30°N 

I5°N 

15°N 

30°N 

45°N 

60°N 

75°N 

0 

±2.5 

±3 

±2.5 

±1 

±0.4 

±0,4 

±0.5 

±  1 

±1 

±1.5 

10 

7 

4 

3 

2 

0.8 

0.7 

0.8 

2 

3 

4 

20 

10 

10 

10 

7 

4 

2 

2 

3 

3 

3 

30 

20 

16 

14 

12 

7 

4 

4 

4 

5 

5 

40 

■  25 

20 

15 

8 

7 

8 

8 

10 

50 

30 

25 

18 

10 

10 

12 

13 

14 

60 

, 

35 

30 

20 

12 

12 

14 

16 

18 

70 

30 

25 

18 

10 

10 

12 

15 

16 

80 

20 

16 

12 

8 

8 

9 

10 

10 

15.3.3  Day-to-Day  Variations 

Changing  synoptic  situations,  which  include  movements 
of  high  and  low  pressute  centers  and  their  associated  ridges 
and  troughs,  and  variations  in  the  energy  absorbed  directly 
by  the  atmosphere,  cause  day-to-day  changes  in  the  height 
of  constant  pressure  surfaces.  Information  on  the  magnitude 
of  day-to-day  variations  in  the  heights  of  such  surfaces  are 
provided  in  this  section.  Detailed  information  for  .specific 
levels  and  Uxations  should  be  requested  if  conditions  appear 
critical. 

Table  15-27  lists  monthly  mean  heights  of  pressure  sur¬ 
faces  in  January  and  July  and  their  standard  deviations  for 
middle  North  .America.  These  data  indicate  the  variation  in 
the  mean  heights  of  constant  pressure  surfaces  between  700 
and  10  .Tib  with  latitude  and  season,  and  the  estimated  dis¬ 
tributions  of  day-to-day  variability  around  the  monthly  means. 
Estimated  departures  from  mean  monthly  pressures  which 
are  equaled  or  exceeded  less  than  SCf  of  the  time  between 
15°  and  75''N.  are  shown  in  Table  15-28  as  percentages  of 
the  mean  January  and  July  values,  surface  to  80  km. 

As  can  be  seen  in  Tab!:?  15-28,  day-to-day  variability 
generplly  incre.ises  with  latitude  and  altitude  in  both  January 
and  Jr!y.  although  to  a  rr.uch  smaller  extent  in  July.  The 
estimated  5%  extremes  are  largest  at  6u  to  65  km  at  all 
latitudes,  reaching  ±  .555{  during  60°N  winter.  Variability 
appears  to  decrease  above  65  km  to  a  probable  minimum 
value  near  85  km  The  estimated  departures  shown  in  Table 
15-28  include  some  diurnal  and  semidiurnal  fluctuations  due 
to  solar  influences,  particularly  since  the  basic  pressure  data 
were  not  obsersed  at  the  same  time  every  day.  Envelopes 
of  these  estimated  95'/(  values  should  not  he  used  as  profiles 
since  such  pressures  would  not  necessarily  be  found  at  all 
altitudes  at  any  one  given  time  and/or  location.  Decreases' 
m  atmospheric  pressure  in  one  layer,  for  example,  normally 
are  associated  w  ith  increases  in  another  laver. 


Table  IS-29. '  Amplitudes  of  systematic  pressure  variations  and  time  of 
maximum  at  Terceira.  Azores  IHarris  et  al.  I%2|. 


Diurnal 

Semidiurnal 

Pressure  Level 

Ampl. 

Time 

Ampl. 

Time 

(mb) 

(m)-^ 

(mb) 

(h) 

(mb) 

(h) 

Sfe 

0 

0.10 

210(j 

0.50 

0948 

1000 

122 

0.10 

1904 

0.53 

0950 

950 

570 

0.12 

1824 

0.46 

0956 

900 

1033 

0.16 

1612 

0.49 

1002 

850 

1454 

0.18 

1604 

0.47 

1002 

800 

2027 

0.20 

1612 

0.44 

1002 

750 

2569 

0.20 

1616 

0.38 

1010 

700 

3127 

0.25 

1548 

0.37 

1002 

650 

3731 

0.18 

•  «rvo 

1 

0.40 

1030 

600 

4365 

0.25 

1608 

0.33 

1020 

550 

5051 

0.21 

1508 

0.33 

1034 

500 

5782 

0.28 

156 

0.29 

1032 

450 

6587 

0.27 

1424 

,  0.24 

1036 

400 

7449 

0.31 

1504 

0.24 

1046 

350 

8409 

0.31 

1504 

0.20 

1046 

300 

9482 

0.32 

1444 

0.18 

1108 

250 

10708 

0.33 

1420 

0.16 

1102 

200 

12149 

0.32 

1408 

0.14 

1110 

175 

12991 

0.32 

1352 

0.13 

1120 

150 

13948 

0.30 

1348 

0.11 

noo 

125 

15066 

0.28 

1328 

O.ll 

1124 

100 

16423 

0.26 

1304 

0.09 

1128 

80 

17776 

0.24 

1300 

0.09 

1120 

60 

19547 

0.23 

1256 

0.07 

1124 

50 

20668 

0.21 

1256 

0.07 

1114 

40 

22077 

0.20 

1244 

0.06 

1116 

30 

24012 

0.18 

1256 

0.05 

1110 

20 

26673 

0.16 

1256 

0.04 

'.128 

15 

28005 

0.15 

1252 

0.03 

1136 

10 

30507 

0.12 

1304 

0.01 

1204 

•Estimated  mean  annual  height 
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15.3.4  Diurnal  and  Semidiurnal  Variations 


Mean  hourly  sea-level  pressures  follow  a  systematic 
diurnal  and  semidiurnal  periodicity  somewhat  variable  in 
amplitude  ard  phase  according  to  location  and  season.  The 
sea-level  pressure  cycle  is  generally  characterized  by  min¬ 
ima  near  0400  and  1600  hours  and  maxima  near  1000  and 
2200  hours  local  time.  The  amplitu  ’e  approaches  I  mb, 
which  is  small  relative  to  synoptic  changes  in  middle  lati¬ 
tudes.  In  the  tropics  only  minor  synoptic  changes  occur  from 
day  to  day,  so  that  interdiumal  pressure  changes  are  small 
compared  to  the  systematic  daily  variations  in  these  lati¬ 
tudes. 


Upper-air  pressures  appear  to  follow  a  systematic  diur- 
nalAsemidiumal  cycle  similar  to  that  at  sea  level;  however, 
extremes  occur  at  somewhat  different  hours.  Table  15-29 
lists  amplitudes  and  times  of  occurrence  of  diurnal  and  sem¬ 
idiurnal  maxima  to  10  mb  (roughly  30  km)  over  Terceira, 
Azores,  which  provides  an  estimate  of  mean  annual  sys¬ 
tematic  pressure  variations  at  a  maritime  location  near  40''N. 
The  semidiurnal  variations  at  climatically  and  geographi¬ 
cally  different  locations  such  as  Washington,  D.C.  and  Ter¬ 
ceira,  Azores,  appear  to  be  similar  [Valley.  1965].  The 
diurnal  maxima  and  minima,  however,  that  result  from  solar 
insolation  and  terrestrial  radiation,  may  differ  considerably 
in  time  of  occurrence  and  amplitude  at  various  locations, 
particularly  at  or  near  surface  levels. 
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Chapter  16 


WATER  VAPOR,  PRECIPITATION,  CLOUDS,  AND  FOG 

Section  16.1  D.D.  Grantham,  1. 1.  Gringorten,  and  A.J.  Kantor 
Section  16.2  R.M.  Dyer,  1. 1.  Gringorten,  and  P.  Tattelman 

Section  16.3  A.A.  Barnes.  E.A.  Bertoni,  l.D.  Cohen,  Capt.  M,  Glass,  D.D.  Grantham,  1.1.  Gringorten, 
K.R.  Hardy,  Y.  Izumi,  A.J.  Kantor,  and  J.l.  Metcalf 
Section  16.4  H.A.  Brown  and  B.A.  Kunkel 


One  of  the  most  important  constituents  of  the  atmosphere 
is  that  all-pervasive  substance,  water,  which  appears  in  the 
solid  state  as  snow,  hail,  frost,  and  cloud  particles;  in  the 
liquid  state  as  rair;,  clouds,  fog,  and  dew;  and  in  the  gaseous 
state  as  water  vapor,  in  addition  to  water,  the  atmosphere 
contains  in  suspension  many  types  and  ;sizes  of  aerosols  of 
varying  composition,  including  ions,  salt,  dust,  smoke  par¬ 
ticles  and  other  contaminants.  This  chapter  deals  with  a 
variety  of  conditions  or  events  that  are  related  to  atmospheric 
water  content,  including  surface  rainfall  rates;  the  vertical  ■ 
distribution  of  precipitation  intensity;  drop-size  distributions 
in  rain,  clouds  and  fog;  types  of  cloud  data;  and  water  and' 
water-vapor  content  in  and  out  of  clouds. 

16.1  ATMOSPHERIC  WATER  VAPOR 

There  are  various  ways  to  express  the  water  vapor  con¬ 
tent  of  the  atmosphere.  The  dew  point  is  the  temperature  to 
which  a  parcel  of  air,  at  constant  pressure  a.id  water  vapor 
content  must  be  cooled  for  saturation  to  occur.  Further 
ccHiling  produces  condensation  to  lii^uid  water.  nd.ensv 
tion  could  be  delayed  as  the  parcel  is  cooled  below  he  de  -v 
point,  in  wh  :h  case  the  air  becomes  supersaturated.  When 
the  air  is  su /.ersaturated.  the  condensation  of  water  vapor 
can  take  piece  -c  uptly  and  the  released  latent  heat  of  va¬ 
porization  ■  ill  .'aise  the  air  temperature.  If  the  water  vapor 
content  is  li>c  cudugh.  then  the  parcel  of  air  might  be  ciwled 
below  2''3  K  UfUil  saturation  with  respect  to  ice  (Kcurs,  at 
which  point  (here  usually  is  sublimation  directly  from  water 
vapor  into  ice  crystals.  This  temperature  is  called  the  frost 
point.  Sometimes  the  air  can  be  cooled  below  273  K.  to  as 
low  as  233  K  without  sublimation,  but  there  could  be  con¬ 
densation  onto  existing  supercooled  water  drops.  Because 
the  .saturation  vapor  pressure  over  water  is  greater  than  that 
over  ice.  the  dew  point  for  a  given  water  vapor  contem  is 
always  less  than  the  frost  point  The  frost  point-dewpoint 
difference,  although  essentially  zero  at  273  K.  becomes 
increasingly  large  as  the  temperature  lowers. 

Several  other  measures  of  w  ater  vapor  content  are  related 


in  a  one-to-one  correspondence  to  the  dew  point.  Table 
16- 1  shows  this  correspondence  between  dew  point  and  frost 
point,  vapor  pressure,  and  mixing  ratio.  The  table  also  gives 
the  absolute  humidity  (vapor  den.^ity)  corresponding  to  the 
other  measures  when  the  air  is  saturated. 

In  a  unit  volume  of  air,  the  water  vapor  exerts  a  vapor 
pressure,  which  in  itself  is  another  measure  of  the  water 
vapor  content  of  the  air.  When  the  air  is  saturated,  the  vapor 
pre.ssure  is  a  direct  function  of  air  temperature. 

The  absolute  humidity  is  the  mass  of  water  vapor  in  a 
unit  volume  of  air;  it  is  actually  the  water  vapor  density 
within  the  air.  The  Gas  Law  shows  that  at  a  given  air 
temperature,  there  is  a  saturation  water  vapor  content  per 
unit  volume  that  the  air  can  hold,  which  roughly  doubles 
for  each  10  K  increase  of  air  temperature.  As  a  consequence 
of  the  Gas  Law.  an  isobaric  increase  of  the  temperature  will 
decrease  the  absolute  humidity  (vapor  density)  while  the 
other  measures  in  Table  16  I  remain  the  same. 

If  the  mass  of  water  vapor  is  given  in  proportiem  to  the 
mass  of  the  ambient  dry  air.  typically  in  grams  per  kilogram, 
the  resulting  measure  is  called  the  mi.v/ng  ratio  To  relate 
mixing  zatio  to  the  other  measures  of  water  vapor  content, 
the  atmospheric  pressure  must  be  given.  When  the  mixing 
ratio  remains  constant,  as  it  dix;s  in  adiabatic  lifting  of 
imsaturatcd  air.  the  dew  point  will  decrease  with  increasing 
altiui.-t-' 

Relative  humidity  is  the  ratio  of  the  actual  vapor  pressure 
of  the  air  to  the  saturation  vapor  pressure  at  the  ambient  air 
lempc'-iture.  it  is  given  in  percent.  Relative  humidity  can 
be  derived  with  sufficient  accuracy  as  the  corresponding 
ratio  of  tl.’  mixing  ratio  to  saturation  mixing  ratio.  At  a 
relative  humidity  of  l(K)7(  the  dew  {xiint  is  equal  to  the 
ambient  temperature.  This  can  occur  by  the  addition  of 
moisture  into  the  air  and/or  by  the  decrease  of  temperature 
to  the  dew  point.  Thus,  relative  humidity  usually  varies 
considerably  durmg  the  course  of  a  day.  increasing  during 
the  c(Hil  of  the  night  and  decreasing  in  the  beat  of  the  day 

Precipiuihlv  water,  W,  is  the  amount  of  water  contained 
in  a  vertical  air  column  of  unit  cross-section  extending  be¬ 
tween  two  specified  levels.  While  the  physical  unit  is  the 
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Table  16-1.  The  Cl)^re^pondcncc  bclwcen  the  several  measures  of  water  vapor  content  (based  on  Smithsonian  Meteorological  Tables  |List.  I%bl). 


Dew 

Point 

Fri>M 

Pomi 

Vapor 

Pressure 

Absolutet 

Humidity 

Mixing  Riitio  (g/kg) 

1000 

850 

700 

500 

400 

100 

50 

10 

1  ^ 

(Kl 

IKI 

(mb) 

(g/m'l 

mb 

mb 

mb 

mb 

mb 

mb 

mb 

mb 

mb 

.’t1 

7..378-I- 1 

5.119+  1 

4.98+1 

5.941  +  1 

7..36I  +  1 

1 ,080  +  2 

1.41 1  +  2 

« 

« 

« 

• 

308 

5.624 -H  1 

3,%3  +  1 

3,725+1 

4.427  +  1 

5.456  +  1 

7.910  +  1 

1.020  +  2 

8,008  +  2 

• 

« 

• 

.303 

4  24.3  +  1 

3.0.38  +  1 

2.769+1 

3.282+1 

4.029  +  1 

5.786+  1 

7..399+1 

4.590  +  2 

« 

* 

* 

3  167 -s  1 

2..305+  1 

2.044  +  1 

2.417+  1 

2.959+  1 

4,219+  1 

5.36.3+1 

2.886  +  2 

• 

* 

* 

2.3.37 -I- 1 

1.7.30+  i 

1.495+1 

1  766+1 

2.156+1 

3.059+  1 

3.870+1 

1.899  +  2 

5.462  +  2 

* 

* 

■ 

1.704-H 

1.283+1 

1,083+  1 

1.278+1 

1.557+1 

2.201  +  1 

2.'775+  1 

1.279  +  2 

3.217  +  2 

• 

■ 

1  227+1 

9. .399 

7.762 

9  146 

1.113+1 

1.569+1 

1.973+1 

8.707+  1 

2.024  +  2 

• 

• 

278 

8.719 

.6.797 

5.495 

6.471 

7.870 

1.107  +  1 

I..389+  1 

5.946+1 

1,314+2 

* 

* 

273 

27.3  0 

6.108 

4.847 

3.8.39 

4  519 

5.492 

7.710 

9.664 

4.049+  1 

8,559+  1 

9.764  +  2 

* 

268 

268  6 

4215 

.3.407 

2.644 

3.112 

3.780 

5. .300 

6.637 

2.7.39+1 

5.728+1 

4.533  +  2 

* 

263 

264  1 

2.86.3 

2  .3.58 

1.794 

2.110 

2.562 

3. 590 

4.492 

1.834+1 

3.779+1 

2.495  +  2 

4> 

258 

259.6 

1.912 

1  6()5 

1.197 

1  408 

1.709 

2..393 

2.993 

1.213+1 

2,474+1 

1.470  +  2 

* 

253 

255.1 

7.847-1 

9,227-1 

1.120 

1 .568 

1.960 

7.W3 

1.60t  +  1 

8.919+  1 

* 

248 

250.5 

8  073-1 

7.047-1 

5.048-1 

5.936-1 

7.204-  1 

1.008 

1.260 

5.603 

1.021  +  1 

5.461  +  1 

* 

243 

245  8 

5.088-  1 

4. .5.34-  1 

3.182-1 

.3.742-1 

4.540-  1 

6  .352-  1 

7.938-1 

3.183 

6.397 

3,335+1 

6.443  +  2 

238 

241.2 

3.1.39-1 

2.8.56-1 

1 .96,3  -  1 

2..308-I 

2.801  -  1 

3.918-1 

4.896-  1 

1.960 

3.931 

2.016+1 

2.846  +  2 

233 

2.30  5 

1  891  -  1 

1.757-1 

1.183-1 

1  390-  1 

1.687-  1 

2. .360-1 

2.948-1 

1.179 

2.362 

1. 199+1 

1.450  +  2 

273.0 

27.3 

6.107 

4.847 

3.8.39 

4.518 

5.492 

7.709 

9  668 

4.048+1 

8.658+  1 

9.759  +  2 

* 

267.3 

268 

4.015 

3.246 

2.518 

2.%3 

3.599 

5,047 

6.322 

2.604+1 

5.433+1 

4.722  +  2 

• 

rsi.8 

26.3 

2.. 597 

2.1.39 

1  627 

1.913 

2.324 

3.255 

4.075 

1.660+1 

3.409+  1 

2.182  +  2 

• 

2.56.2 

2.58 

1  652 

I..387 

1,0.34 

1.216 

1.476 

2.067 

2.592 

1.045+1 

2.126+  1 

1,231  +  2 

* 

2.50.8 

253 

1 .032 

8.8.35  -  1 

6,456-1 

7.592-1 

9.214-  1 

1,289 

1.613 

6.490 

1.311  +  1 

7.158+1 

• 

245.3 

248 

6  .32.3  -  1 

5.521  -  1 

.3.955-1 

4.6.50-1 

5.643-  1 

7.895  -  1 

9.872  -  1 

3.961 

7.%9 

4.199+  1 

.  • 

237  9 

.'■4.1 

3.798-1 

.3..385-  1 

2..375-  1 

2.792  -  1 

3..388  -  1 

4.740-  1 

5.926-1 

2.373 

4.76.3 

2.456+  1 

.3.809  +  2 

2.34  6 

2.38 

2.233“  ! 

2.0,32-1 

1.396-  1 

1,642-1 

1.993-1 

2.787-1 

3.483  -  1 

1.393 

2.791, 

1.42  +  1 

1.788  +  2 

233 

1.28.3-1 

1,192-1 

8  026-2 

9  4.34  -  2 

1  144-  1 

I.,i00-  1 

2.001  -  1 

7.9%  -  1 

1  601 

9.1.54+1 

.■'.24  1 

228 

7.198-2 

6,8,36-2 

4  50.3  -  2 

5.293-2 

6  422  -2 

8,981-2 

1.122-1 

4.483-1 

4.510 

4.824  +  1 

223 

-2 

3.vs21  -2 

2  4-,3-2 

2  895  -2 

3.512-2 

4.910-2 

6:1.35-2 

4.901-1 

2.4,S7 

2  .548+  1 

218 

2.092-2 

2,078-2 

1  .309,-2 

1.5.39-2 

1.867-2 

2.611-2 

3.261-2 

1.. 302-1 

2.604-1 

1.304 

1..329+  1 

213 

1 ,080  -  2 

1  098  -2 

6  761  -  3 

7.947  -  3 

9  640  -3 

1  .347  -2 

1 .684  -  2 

6.723  -  2 

1..344-  1 

6  725  -  1 

6.791 

208 

.5.(810 -.3 

5  627  - .( 

3.386- 3 

3.979-3 

4,826-3 

6.749-3 

8.427-3 

3.365-2 

6  728-2 

3  .362-  1 

.3..381  ' 

203 

2.615-3 

2.7S4-  3 

1.6.39-3 

1  926  -3 

2  336  “3 

.3,265-3 

4.0'/6-,5 

1.628-2 

3  254  -  2 

1.627  -  1 

1.631 

I9S 

1.220-3 

1  . 3  .^4 -3 

7.046  -4 

8.986  -4 

1 .090  -  3 

1.524-3 

1.902-3 

7  .593  -  3 

1.518-2 

7..590-2 

7  .597  -  1 

193 

5.472-4 

6  1.38-4 

.3  423-4 

4  023  “4 

4.882-4 

6.828-4 

8.5.30-4 

.3.406 -'3 

6.810-3 

3.404  -2 

3  405  -  1 

2.353-4 

2.710-4 

1  472-4 

1. 7,1(1 -4 

2.(JW-4 

2,936-4 

3.668-4 

1 .465  -  3 

2.928-3 

1.464  -2 

1  464  -  1 

183 

9  6  (2 -5 

1  144-4 

6  (151  -5 

.111-5 

8  6'‘9-  5 

1.207-4 

1  .508  -  4 

6.020-4 

1  :o4 

_ L 

6.016-  3 

6  016  ••  2 

i  \t  saturation  only. 

'  Atniosphcnc  saturation  is  mn  possible  at  this  ambient  temperature  and  pressure.  . 


mass  per  unit  area,  it  is  commonly  reported  as  the  height 
at  which  ihe  liquid  would  stand  if  it  were  ail  condensed  in 
a  vessel  of  the  same  unit  emss-seefion  as  the  air  column. 
For  example,  a  height  of  1  cm  corresponds  to  1  gm/cm’  of 
precipitabie  water. 

A  programmable  computer  can  use  a  set  of  equations 
or  algorithms  to  generate  the  nunibers  given  in  Table  16-1. 
Where  T„  represents  dew  ptiint  iK).  Tp  frost  point  (K).  e 
vapor  pressure  (mb),  p  atmosphers;  pre.ssure  (mb',  p,  abso¬ 


lute  humidity  (g'nr')  and  r  mixing  ratio  (g/kg).  then  in  terms 
of  the  frost  point,  the  vapor  pressure  is  approximated  by 

log,,^  =  -248.5.0/Th  -I-  3.566.5  log,„Ti 

-  0.0032CVS  T,.  -i-  2.0702  (16.1) 

In  terms  of  the  dew  point,  the  vapor  pressure  is  approxi¬ 
mated  by 
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logioe  =  —2949.  l/To  Table  l6-2.  Diurnal  cycle  of  dew  point,  temperalure,  reh'we  humidity. 

and  solar  insolation  associated  with  the  1*7  high  operational 


-.5.0281  log, oTd  +  23.832  (16.2) 

In  terms  of  the  vapor  pressure  and  the  air  temperature  T(K), 
the  absolute  humidity  (g/m')  is  approximated  by 

Pv  =  216.68  e/T  .  (16.3) 

This  will  be  the  same  as  in  Table  16-1  for  saturated  aironly. 

In  terms  of  the  vapor  pressure  (mb)  and  the  atmospheric 
pressure  (mb),  the  mixing  ratio  (g/kg)  is  approximately  by 

r  =  621.97  e/(p-e)  .  (16.4) 


16.1.1  Surface 

Water  vapor  at  the  earth's  surface  has  a  range  of  more 
than  three  orders  of  magnitude.  The  maximum  amount  of 
water  vapor  that  the  atmosphere  can  contain  is  regulated  by 
its  temperature.  However,  the  amotint  actually  present  in 
the  atmosphere  is  a  complex  function  of  various  atmospheric 
and  geophysical  features.  The  highest  value  of  atmospheric 
water  vapor,  observed  in  the  Persian  Gulf,  is  a  dew  point 
of  307  K,  translating  to  38  g/m’  of  water  vapor  or  a  mixing 
ratio  of  about  35  g  water  vapor  per  kg  dry  air.  For  extremely 
cold  air  (213  K)  the  moisture  content,  at  best,  can  be  no 
more  than  0.02  g/m',  or,  at  sea  level.  0.01  g  water  vapor 
per  kg  dry  air.  Even  this  amount,  however,  can  be  important 
in  the  transmission  of  infrared  radiation  over  long  path  lengths. 

Information  on  the  distribution  of  water  vapor  in  the 
northern  hemisphere  was  collected  in  the  Atmospheric  Hu- 
midin  Atlas  (Gringorten  et  al,,  1966),  which  maps  surface 
•nixing  ratios  and  dew  points  from  the  5th  to  the  95th  per¬ 
centile  for  the  midseason  months.  Two  atlases,  for  the  north¬ 
ern  and  southern  hemispheres  (Crutcher  and  Meserve,  1970; 
Taljaard  et  al. .  1969)  have  been  published  that  include  mean 
monthly  dew  points  and  standard  deviations  of  the  monthly 
averages. 

Figure  16-1,  taken  from  the  Atmospheric  Humidity  At¬ 
las.  presents  95th  percentile  scface  dew  points  in  July  to 
illustrate  high  values  of  dew  points  over  the  northern  hemi¬ 
sphere.  The  peak  values  are  found  in  the  Persian  Gulf  above 
exceptionally  warm  waters.  Over  deserts  the  water  vapor 
content  is  lower,  and  coupled  with  nigh  temperatures,  the 
relative  humidity  drops  lo  as  low  as  5%  or  less.  Figure 
16-2,  also  from  the  Atlas,  presents  5th  percentile  surface 
dew  points  in  January  to  illusti  ite  low  moisture  content 
during  the  coldest  time  of  the  year.  As  expected,  the  dew 
point  is  lowest  in  polar  and  subpolar  fegions,  but  it  is  also 
low  on  high  mountains.  On  the  other  hand,  relative  humidity 
can  be  high  since  it  would  not  require  much  moisture  to 
saturate  the  air  at  low  temperatures. 

World-wide  extremes  of  humidity  and  the  diurnal  cycles 
of  humidity  in  several  distinctive  climates  are  presented  in 


extreme  of  moisture  content  (dew  point  304  K)  in  a  coastal 
desen  location. 


Tin^e 

(LST) 

Dew  Point 
(K) 

Temperature 

(K) 

R.H. 

(%) 

Insolation 

Uh 

0000 

302 

304 

88 

0 

0300 

302 

304 

88 

0 

0600 

302 

304 

88 

4 

0900 

304 

310 

73 

68 

1200 

304 

313 

63 

93 

1500 

304 

314 

60 

61 

1800 

304 

310 

69 

1 

2100 

303 

306 

85 

0 

a  Department  of  Defense  Military  Standard,  Climatic  Ex¬ 
tremes  for  Military  Equipment  (U.S.  DOD,  19731  and  are 
further  discussed  in  the  background  studies  document  (Sis- 
senwine  and  Cormier,  19741.  Table  16-2  gives  details  of 
the  diurnal  cycle  of  humidity,  temperature,  and  solar  in¬ 
solation  associated  with  the  upper  1%  dew  point  (304  K) 
in  a  hot  coastal  climate.  In  this  kind  of  weather  the  dew 
point  remains  nearly  constant  throughout  24  hours,  while 
the  relative  humidity  changes  from  ne.'''ly  90*%-  to  60^?'. 
respectively,  as  the  temperature  climbs  from  304  K  in  the 
morning  to  314  K  in  the  afternoon.  Table  16-3  presents  a 
repeated  diurnal  cycle  for  an  extreme  moisture-laden  case 
of  30  days  duration.  The  conditions  are  maritime,  with 
temperatures  300  K  to  303  K,  dew  points  299  K  to  ,301  K 
and  relative  humidity  at  9191  to  94%.  Table  16-4  presents 
a  diurnal  cycle  that  has  high  relative  humidity  associated 
with  high  temperature.  This  case  differs  from  that  in  Table 
16-2  by  having  less  absolute  humidity,  less  insolation  and 
lower  temperature,  but  greater  relative  humidity  through>''jt 
the  24  hours.  Relative  humidity  varies  from  75%  to  a  more 
persistent  100%  as  the  temperature  varies  from  an  afternoon 
maximum  of  308  K  to  a  nighttime  minimum  of  299  K. 
Table  '6-5  depicts  the  persistent  high  relative  humidity  of 
a  steaming  jungle  or  rain  forest.  While  the  temperature 


Table  16-3.  A  repeated  diumal  cycle  during  a  month  of  sustained  extreme 
sustained  moisture  content  in  August  at  Belire  City.  Belize 


Time 

(LST) 

Dew  Point 
(K) 

Temperature 

;K) 

R.H. 

(%) 

Insolation 

L/h 

0000 

300 

.^01 

91 

0 

0300 

299 

.301 

92 

0 

0600 

299 

.300 

94 

4 

0900 

300 

.302 

92 

54 

1200 

.^01 

303 

9: 

83 

1500 

.TOl 

302 

91 

68 

1800 

.100 

.  302 

91 

20 

2100 

300 

.302 

91 

0 
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Figure  16'^,  IX'N^  pt>im  (K-273)  ai  the  Nurfacc  in  July,  percentile  IGringoneh  ct  |yM>l, 


consistently  remains  moderate  at  297  K,  the  relative  hu¬ 
midity  persists  above  Such  conditions  may  prevail 
several  days  a  month  throughout  the  year. 

16.1.2  Troposphere 

Climatic  humidity  data  are  relatively  plentiful  for  alti¬ 
tudes  up  to  7  or  8  km  (approximately  400  mb).  Information 
on  the  distribution  of  water  vapor  at  these  levels  in  the 


northern  hemisphere  is  provided  in  the  Atmospheric  Hu¬ 
midity  Atlas  (Gringorten  et  al..  I966|.  Dew  points  aloft  are 
mapped  at  850.  7(X).  500  and  4(K)  mb  in  percentiles  from 
5th  to  95th  for  mid-season  months.  Also,  two  northern  and 
southern  hemispheric  atlases  [Crutcher  and  Meserve.  1970; 
Taljaard  et  al..  I969|  have  been  pubiished  snowing  mean 
monthly  dew  points  and  standard  deviations  of  the  m<'nthly 
averages  for  altitudes  up  to  5(K)  mb. 

Aloft,  relative  humidities  of  |{X)5{  can  iKcur  at  any 
altitude  l>elow  the  tropopause  over  the  entire  globe.  How- 
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ever,  the  greatest  ir.tristure  eonteni  is  imbedded  in  the  nion- 
siKtnal  flow  O'er  '-.orthern  India.  Table  16-6  presents  high 
dewptrints  w  ith  .  .‘''7,.  \{V}i .  and  2()'if  estimated  proba¬ 
bilities  in  July  from  I  to  8  km  over  northwestern  India. 
Table  16-7  presents  thi’  low  frost  points  with  \'i .  57r.  10V< . 
and  2()'r  estimated  pnibabilities  in  January  from  I  to  8  km' 
in  iiie  Canadian  Northwest  Territories. 

Water  vafior  measurements  above  radiosonde  humidity 
altitudes  iroughK  8  km  I  are  not  made  on  a  regular  basis 
because  ('f  a  lack  <if  radiosonde  instruments  capable  of  sen¬ 


sing  low  concentrations.  Consequently,  it  is  not  possu  ic  at 
this  time  to  describe  spatial  and  temporal  variations  of  w  ater 
vapor  in  the  upper  troposphere  in  a  manner  comparable  to 
that  given  for  altitudes  below  8  km. 

For  altitudes  from  8  km  up  to  the  tropopause.  atmos¬ 
pheric  moisture  can  be  estimated  using  information  obtained 
from  several  different  experimental  sensors.  In  the  upper 
tro(X'sphere  the  median  mixing  ratio  appears  to  decrease 
approximately  logarithmically  w  i;h  increasing  altitude  up  to 
the  trop<ipause.  As  a  result,  median  dewpoints,  given  at  4(V) 
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Table  16-4.  A  diurnal  cycle  a>sociatcd  with  temperature  and  high  relative 
humidity  in  the  rainy  tropics 


Time 

(LST) 

Dew  Point 
(K) 

Temperature 

(K) 

R.H. 

m 

Insolation 

L/h 

0000 

300 

.300 

100 

0 

0300 

299 

299 

100 

0 

0600 

299  ' 

299 

100 

4 

0900 

300 

.304 

82 

'  54 

1200 

302 

307 

75 

83 

I5(X< 

302 

308 

74 

68 

1800 

.302 

305 

82 

20 

2100 

.300 

.301 

95 

0 

Table  16-5.  A  typical  diurnal  cycle  in  a  tnipical  jungle  with  high  relative 
humidity.  (Such  conditions  may  occur  several  days  a  moi.ih 
throughout  the  year. ) 


Time 

(LST) 

Dew  Point 
.  (K) 

Temperature 

(K) 

R.H. 

(%) 

0000 

297 

297 

100 

0300 

297 

297 

100 

0600 

297 

297 

100 

0900 

296 

297 

95 

1200 

296 

297 

95 

1500 

296 

297 

95 

1800 

296 

297 

95 

2100 

297 

297 

100 

Table  16-6.  High  absolute  humidity  (dew  poind  extremes.  I  to  K  km  aloft 
(typical  of  northern  India  in  Julyi. 


Altitude 

(km) 

Dew  Point 
(K) 

r/r  Probable 

5'7f 

lOTf 

209( 

1 

302 

300 

299 

298 

2 

297 

295 

294 

293 

4 

289 

'286 

283 

282 

6 

276 

273 

272 

271 

8 

265 

262 

261 

260 

Table  16-7.  Low  absiilulc  humidity  (dew  poind  extremes,  I  to  8  km  aloft 
(typical  of  Canadian  Nonhwesi  Tenitories  in  January  I. 


Altitude 

(km) 

Frost  Point 
(K) 

\7c  Probable 

59c 

i 

\09c 

207r 

1 

223 

231 

233 

2.76 

2 

222 

228 

■  ■2.31 

2.34 

4 

217 

221 

222 

224 

6 

208 

212 

213 

'214 

8 

202 

202 

204 

205 

mb  (7  to  8  km)  in  the  Atmospheric  Humidity  Atlas  |Grin- 
gorten  et  al..  I966|.  can  be  converted  to  median  mixing 
ratios  and  extended  upward  logarithmically  to  medians  of 
2  to  4  ppmm  (parts  per  million  by  mass)  at  the  appropriate 
tropopause  height.  The  altitude  of  the  tropopause  ranges 
from  16  or  17  km  in  the  tropics  to  9  or  10  km  near  the  pole 
[Cole  and  Kantor.  1978],  Estimated  median  mixing  ratios 
at  various  latitudes  are  shown  in  Table  16-8. 

World  maps  of  the  mean  precipitable  water  above  the 
surface  and  above  850,  700,  and  500  mb  have  been  pub¬ 
lished  for  the  midseason  months  [Bannon  and  Steele,  1960). 
More  recently,  reports  on  “Precipitable  Water  Over  the  United 
States"  were  compiled  by  the  National  Weather  Service 
[Lott,  1976;  Ho  and  Riedel,  1979).  Based  on  radiosonde 
observations,  the  range  of  the  maximum  precipitable  water 
content  over  the  contiguous  United  States  is  about  1  cm 
over  the  Rocky  Mountains  to  nearly  7  cm  along  the  Gulf 
of  Mexico  in  the  surface-to-400  mb  layer.  Table  16-9  pre¬ 
sents  mean  monthly  maximum  precipitable  water  content 
for  Key  West.  Florida  and  Lander,  Wyoming. 

16.1.3  Stratosphere  and  Mesosphere 

Water  vapior  measurements  in  the  stratosphere  and  me¬ 
sosphere  are  not  made  at  regular  intervals  because  standard 
instrumentation  is  not  available  for  use  at  these  altitudes. 
Measurements  at  very  low  concentrations  typical  of  the  strat¬ 
osphere  can  be  made  only  with  research  quality  instruments. 
Such  sensors  include  frost  point  hygrometers,  optical  de¬ 
vices  (such  as  spectrometers,  radiometers),  ciyogenic  air 
samplers  and  absorption  devices.  Roughly  two  dozen  in¬ 
vestigators  have  each  provided  from  a  few  to  over  100 
observations  during  the  last  35  years,  with  the  bulk  of  strat¬ 
ospheric  humidity  measurements  coming  since  1965. 

The  earliest  measurements,  made  by  British  aircraft 
jBrewer,  1949).  provided  evidence  that  the  tropopause  acts 
as  a  cap  to  water  vapor,  preventing  it  from  penetrating  into 
the  stratosphere.  General  atmospheric  circulation  theory  in¬ 
dicates  that  tropospheric  air  passes  into  the  stratosphere  over 
equatorial  regions  from  where  it  moves  northward.  It  sinks 
back  into  the  troposphere  at  higher  latitudes,  closing  the 
cycle.  Tropical  tropospheric  air  following  this  route  into  the 
stratosphere  would  have  to  pass  through  the  very  cold  tro- 
pexpause  of  the  tropics  (193  K)  where  the  water  vapor  density 
would  be  forced  to  extremely  low  concentrations  due  to 
condensation  and  sublimation.  As  this  air  continues  upward 
from  this  level,  the  mixing  ratio  in  the  stratosphere  must 
remain  constant  if  there  is  neither  source  nor  condensa¬ 
tion/sublimation  of  water  vapor.  The  mixing  ratio  that  most 
closely  depicted  these  British  findings  is  2  mg  per  kg  which 
may  be  interpreted  as  2  ppmm.  Some  investigators  report 
their  measurements  in  terms  of  volume  mixing  ratio,  de¬ 
noted  as  ppmv.  The  relationship  between  ppmv  and  ppmm 
is  pptnv  =  1 .607  ppmm.  Other  possible  sources  that  have 
been  suggested  for  water  vapor  to  be  introduced  into  the 
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Tabic  16-8  Estimated  distribution  of  median  mixing  ratios  in  the  upper  troposphere. 


Altitude 

I5°N 

30°N 

45°N 

60°N 

75°N 

(km) 

Jan 

Jul 

Jan 

Jul 

Jan 

Jul 

Jan  Jul 

Jan  Jul 

400  mb* 

(ppmm) 

433*  1050i* 

(ppmm) 

295*  722* 

(ppmm) 

155*  540* 

(ppmm) 

90.1*  401* 

(ppmm) 

63.4*  295* 

7 

— 

— 

— 

— 

148 

— 

57.5 

34.2  - 

8 

346 

1010 

213 

510 

38.5 

368 

11.3  48.7 

8.3  24.0 

9 

205 

513 

130 

239 

9.8 

136 

2.0  13.2 

2.0  2.0 

10 

122 

250 

80.0 

113 

2.5 

50 

2.0 

II 

71.2 

119 

49.0 

52.5 

18.3 

12 

42.0 

57.2 

29.8 

24.6 

6.7 

13 

24,6 

27.5 

18.3 

11.5 

2.5 

14 

14.5 

13.2 

11.2 

5.4 

,  15 

8.6 

6.3 

6.8 

2.5 

, 

16 

5.3 

3.0 

4.1 

17 

3.0 

2.5 

•400-mh  mixing  ratios  calculated  from  Gringorten  ct  al.  |I%6J. 


stratosphere  are  the  transport  of  tropospheric  air  upward 
through  the  overlapping  tropical  and  polar  tropopauses.  cu¬ 
mulonimbus  clouds  penetrating  the  troptipause.  and  chem¬ 
ical  reactions  such  as  the  oxidation  of  methane.  The  extent 
to  which  such  mechanisms  influence  the  stratospheric  hu¬ 
midity  regime  continues  to  be  debated.  However,  the. com¬ 
bined  effects  of  tbe  Haaley  cell  circulation  and  tropical 
thunderstorms,  both  of  whose  inputs  of  moisture  into  the 
stratosphere  must  penetrate  the  tropical  “cold  trap."  are  re¬ 
sponsible  for  the  bulk  of  stratospheric  mixture.  In  fact,  most 
investigators  agree  that  all  other  sources  are  smaller  by  a 
factor  of  5  to  10. 

In  the  early  1960s  there  was  a  significant  controversy 
concerning  the  amount  and  distribution  of  water  vapor  in 
the  stratosphere  (Gutnick.  I96ij.  Much  uncertainty  contin¬ 
ues.  but  the  extent  of  uncertainty  has  narrowed.  The  bulk 
of  credible  observations  of  stratospheric  mixing  ratio  now 
range  from  about  O.li  to  .S  ppmm.  Tbe  stratospheric  water 
vapor  measurements  made  over  the  previous  decade  or  so 
have  been  summarized  in  two  recent  articles  | Harris,  1976 
and  Penndori',  1978).  The  conclusions  are  that  'he  mean 
midlatitude  stratospheric  mixing  ratio  is  2..S  ±  U.7  ppmm 
and  IS  nearly  constant  with  altitude  up  to  at  least  30  km. 
There,  is  some  evidence  that  fiom  30  km  the  mean  may 
gradually  increase  to  3  ppmm  at  45  km.  This  increase  could 
be  the  result  of  an  increase  in  water  vap<ir  due  to  the  oxi¬ 
dation  of  methane  in  the  middle  atmosphere.  There  is  also 
limited  evidence  for  the  existence  of  weak,  shallow  layers 


of  water  vapor  with  mixing  ratios  up  to  about  4  ppmm 
occurring  in  I-  to  2-km  layers  at  altitudes  up  to  about 
30  km. 

Based  on  three  independent  series  of  field  measure¬ 
ments.  an  annual  cycle  for  stratospheric  water  vapor  has 
been  suggested,  in  which  the  amplitude  of  the  seasonal 
variation  is  largest  in  the  lowest  part  of  the  stratosphere, 
about  0.4  ppmm  at  15  km,  and  decreases  with  altitude  to 
about  0. 1  ppmm  above  20  km.  The  phase  of  the  annual 
cycle  also  changes  vzith  altitude,  with  the  maximum  oc¬ 
curring  in  November  at  15  km  and  in  April  at  20  km.  This 
annual  cycle  may  be  related  to  the  annual  variations  in  the 
temperature  and  altitude  of  the  tropical  tropopause. 

In  the  lower  stratosphere  (below  20  km)  there  seems  to 
be  a  small  but  discernible  latitudinal  variation  in  mixing 
ratio,  with  higher  values,  about  3  ppmm.  occurring  near  the 
equator  and  decreasing  with  latitude  to  somewhat  less  than 
2  ppmm  near  45°  latitude  in  both  hemispheres.  The  lack  of 
data  in  polar  regions  does  not  allow  estimates  of  variation 
at  higher  latitudes. 

There  have  been  even  fewer  observations  of  water  vapor 
in  the  mesosphere  than  in  the  stratosphere;  consequently, 
these  distributions  and  variations  continue  to  be  controver¬ 
sial.  However,  there  dots  seem  to  be  reasonably  consistent 
hypotheses  of  the  general  e.^ivelope  of  the  vertical  profile  of 
mixing  ratio  from  the  stratopau.^e  to  the  mesopause.  Deguchi 
and  Muhleman  [19821  compared  their  ground-based  radio 
telescope  measurements  to  rocket  measurements  by  Scholz 


Table  16-^  Mean  nitmthh  maximum  preeipilahle  water  content — two  extremes. 


Layer.  Surface  to 

.Station 

Month 

850  mb 

700  mb 

.500  mb 

4(X)  mb 

Key  West.  Fla. 

Sep 

2.7  cm 

4.2  cm 

5.2  cm 

5.4  ein 

Lander.  Wyo, 

Jan 

0.4 

0.7 

0,8 
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et  al.  119701.  Khhalt  ct  al.  1 19751  and  Roger;  et'al.  11977]; 
airborne  measurements  by  Farmer  et  al.  1 1980'  and  Wafers 
et  al.  1 1977|,  and  current  photr  :hemical  models  by  Coitzcn 
1 1974)  and  Allen  et  al.  11981].  A  concensus  of  these  ob¬ 
servations  and  models  provides  a  midlatifude  mesospheric 
water'  vapor  profile  of  4  *o  5  ppmm  at  50  km  decreasing 
logarithmically  with  altitude  to  roughly  I  ppmm  at  90  km. 
Such  a  profile  is  con  iistent  with  microphysical  observations 
of  niKtilucent  clouds.  An  exp*'riment  in  which  mKiilucenf 
cloud  particles,  captured  by  a  rwkef  at  the  80  km  mesopause 
level  included  ice  ISobcrman.  1963.  and  Michaels.  1965]. 
implies  the  existence  of  water  vapor  through  a  layer  at  this 
high  altitude.  Such  clouds  are  not  found  at  tropical  latitudes 
and  rarely  found  at  middle  latitudes  where  temperatures  are 
seldom  colder  than  173  K  |Cole  and  Kantor.  1978]  at  this 
level.  They  are  normally  seen  at  high  latitudes  in  the  summer 
whem  extremely  cold  mesopause  temperatures  prevail.  Dur¬ 
ing  one  experiment  lAnonyinous.  I%3|  in  which  such  clouds 
were  physically  san’pled.  the  temperature  observed  was  1.40 
K.  During  another  sampling,  when  the  clouds  had  dissi¬ 
pated!.  a  temperature  of  153  K  was  measuretf  Assuming  the 
temperature  and  pressure  strudare  of  the  Air  Force  Refer¬ 
ence  Aimosphcrcs  |Cole  anu  !\;>ntor.  19781.  fnrst  points  of 
1.30  K  and  153  K  at  80  km  convert  to  saturation  mixing 
ratios  of  about  0.01  ppmv  and  6  ppmv.  respectively. 

It  is  interesting  to  note  that  there  is  a  region  of  the  middle 
atmosphere,  roughly  40  to  65  km,  in  which  the  combined 
temperature  and  pressure  structure  diKs  not  supiH>rt  the  ex¬ 
istence  of  clouds  ISchilling,  I964|.  The  relatively  warm 
temperaiure  structure  at  these  altitudes  requires  a  saturation 
vap<tr  pressuie  greater  than  the  total  atmospheric  pressure — 
an.  obvious  impossibility.  This  c.mdition  is  denoted  by  the 
asterisk  entries  in  Table  16-1. 


16.2  PRECIPITATION 

Knowledge  of  the  frequency  of  iKcurrence  of  given  rates 
of  precipitation  and  assiviated  vertical  distributions  of  pre¬ 
cipitation  particles  is  important  to  the  design  and  operation 
of  many  types  of  equipment  It  is  a  critical  input  for  eval¬ 
uating  and  deploying  systems  which  employ  surveillance 
radar,  and  for  the  selection  of  microwave  frequencies  used 
in  coir.municatins  systems.  The  frequency  and  intensity  of 
rainfa"  must  also  be  considered  in  the  de.sign  and  operation 
of  helicopter  rotor  blades,  and  leading  edges  of  aircraft  and 
missiles  which  are  subject  to  erosion  by  precipitation  par¬ 
ticles.  Water  ingested  by  jet  engines  can  cause  flame-outs 
and  penetrate  protective  coverings  of  exposed  electronic  and 
mcchanic..l  material.  Precipitation  in  the  form  of  hail  is  a 
serious  hazard  for  aircraft,  whereas  snov  loads  and  ice 
accretion  <'n  surface  structures  can  destroy  towers,  radomes. 
and  buildings.  This  section  contains  example.^  of  the  type 
of  precipitation  information  available. 


16.2.1  Surface  Rates  of  Rainfall 

Frequency  distributions  of  various  rainfall  rates  from 
actual  data  are  available  for  only  a  small  number  of  mete¬ 
orological  stati('ns.  Precipitation  data  for  most  areas  of  the 
world  are  limited  maini;,  to  average  monthly  and  annual 
totals,  and  to  the  number  of  days  on  which  precipitation 
fell.  Clix-k  hourly  precipitation  data  (totals  on  the  hour  every 
hour)  arc  available  for  numerous  stations  in  the  United  States 
and  Europe,  but  for  only  a  few  stations  elsewhere.  Monthly 
tabulations  of  the  amounts  of  precipitation  which  fall  in  5 
to  180  min  periixis  are  also  available  for  National  Weather 
Service  first-order  stations  in  the  United  States  and  its  island 
possessions.  Special  I-,  2-,  and  4-min  rainfall  rates  have 
been  taken  at  a  number  o'"  locations  in  Southwest  Asia, 
Europe  and  the  United  States. 

These  data  have  been  used  by  scientists  to  develop  math¬ 
ematical  models  for  estimating  the  frequency  of  occurrence 
of  various  duration-rainfall  rates  at  locations  where  only 
routine  rainfall  ob.servations  are  available.  Some  selected 
methods  for  estimating  clock  hour  and  instantaneous  ( 1  min) 
rainfall  rates  are  presented  in  the  following  sectioiis. 

16.2. 1. 1  Clock  Hourly  Rates.  Several  researchers  have 
used  available  clock-hour  rainfall  data  to  derive  methods 
for  estimating  the  number  of  hours  that  specific  rates  occur 
at  other  locations.  In  1965.  Cole  et  al.,  119651  presented 
three  linear  equations  for  tietermining  the  frequency  of  3 
clmk-hour  precipitation  rates  (1.5.  3.0.  and  4.6  mm/h)  vs 
an  index  of  rainfall  intensity.  The  index  is  the  average  per 
day  of  measurable  precipitation  obtained  by  dividing  the 
total  annual  precipi'  iti.m  by  the  number  of  days  with  mea;:- 
urable  precipitatiim  of  ^0.25  mm.  Winner  |I968|  elabo¬ 
rated  on  this  and  other  earlier  studies  to  develop  techniques 
for  estimating  cKx-k-hours  of  rainfall  at  rates  of  trace,  0.25. 
0.5.  2.5.  6.4,  12.7.  25.4  and  50.8  mm^h,  based  on  data 
from  123  National  Weather  Service  stations  with  5  to  10 
year  periods  of  record.  The  technique  incorporates  a  mois¬ 
ture  index.  Y.  where 


P  is  the  mean  annual  rainfall  in  mm.  anu  rE  is  the  mean 
annual  potential  evapotranspiration  detemiined  by  the  method 
developed  by  Thornthwaite  et  al.  |I958|. 

Figures  16-3.  16-4.  and  16-5  are  nomograms  for  esti¬ 
mating  the  mean  annual  clock-hours  per  year  that  a  rainfall 
rate  of  6.4,  12.7.  and  25.4,  mm/h  is  equaled  or  exceeded 
in  temperate  latitudes.  Potential  evapotranspiration  data  for 
Equation  (16.5)  can  be  calculated  using  Thomwaite  et  at., 
il9581.  It  is  desirable  to  use  the  same  period  of  record  for 
all  variables  in  the  nomograms.  If  these  publications  are  not 
available,  clock-hour  estimates  of  more  limited  value  can 
be  made  by  assuming  V  to  be  zero. 
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CLOCK  HOURS (Z) 

Figure  16-3.,  Nomogram  for  Jctcrmiring  average  numK*r  of  cltKk  hours 
per  year  a  rainfail  rate  of  6.4  mnvh  is  equaled  t>rexcL*edcd. 

The  ratio  of  the  average  annual  rainfail  to  the  number 
of  days  wuh  precipitation  mm  for  a  ItKation  is  then 

obtained  from  climatic  data.  Knowing  this  value  and  the 
value  for  Y,  the  number  of  clock-hours  can  be  determined 
from  the  nomoeram. 

The  technique  described  above  provided  p<'or  results 
when  applied  on  independent  data  from  tropical  liK-ations. 
Therefore.  Winner  |1%8|  developed  an  alternate  method 
for  use  in  the  tropics  using  data  from  M  stations  in  the 
Panama  Canal  Zone,  The  best  results  were  obtained  fmm 
a  linear  correlation  of  tne  annual  rainfall  vs  the  number  of 
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WAVELENGTH  (  /xm  ) 

Figure  16-5.  N»>»nogram  for  delcmnning  average  number  ot  cliK*k  hours 
per  V'^ar  a  rainfall  ry»e  i»f  25.4  mm/h  is  equaled  or  exceeded. 
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clock-hours  at  specified  rates.  Figure  16-6  presents  the  clock- 


hours  per  year  that  rates  of  6.4.  12.7.  19.  and  25.4  mm/h 
are  equaled  or  exceeded  in  the  tropics. 

16.2.1.2  Instantaneous  Rate  ..  For  most  applications,  the 
distributit'n  of  rainfall  rates  for  short  perods.  usually  for  I 
min.  are  of  the  greatest  importance  sir.:e  these  can  greatly 


CLOCK  -  HOUR  (Z1 

Figure  16-4,  Nomogram  for  dcicrmining  average  number  tif  cl<K*k  htmr- 
per  year  a  rainfall  rate  of  1 2  7  mm/h  is  equated  o- exceeded 


CLOCK  HOURS  (Y) 


Figure  16-6.  Nomogram  b'r  use  in  tropica!  regitms  to  determine  mean 
number  t'fcIiHrk  hours occurrcnccof  a  specified  prccipitatitm 
rate  when  the  mean  annua!  precipitation  amount  is  kntiwn 
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Table  16-10;  Percent  contributum  of  instantaneous  precipitation  rate  tocIcHrk-hour  precipitation  rates  for  Urbana.  Illinois  (annual). 


Clock-hour 

Rates 

mm/h* 

0.00- 

0.76 

r-"  b 

1 

2.5- 

6.1 

'n.stantaneous  Rates 
(mm/h)* 

6.4-  12.7-  25.4- 

12.4  25.1  50.5 

50.8- 

126.7 

127- 

254 

>254 

Tot  No 
Clock-h 

Trace 

96.02 

3.43 

0.51 

0.04 

0.0 

0.0 

0.0 

0.0 

0.0 

576 

0.25 

87.56 

10.38 

1.96 

0.06 

0.04 

0.0 

0.0 

0.0 

0.0 

114 

0.5  -  2.3 

59.17 

29.16 

10.17 

1.16 

0.25 

0.08 

0.01 

0.0 

0.0 

581 

2.5  -  6.1 

27  .34 

19.24 

37..58 

11.82 

2.82 

1.05 

G.I5 

0.0 

0.0 

179 

6.4  -  12.4 

23.50 

11.28 

23.01 

23.14 

12.16 

5.. 33 

1.58 

0.0 

0.0 

61 

12.7  -  25.1 

20.45 

8.53 

14.74 

16.28 

16.99 

13.53 

8.o5 

0.83 

0.0 

26 

25.4  -  50.5 

6.67 

5.56 

8.89 

13.33 

19.44 

20.00 

25.56 

0.56 

0.0 

3 

50.8  -  76 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

76.2  -  101.3 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

101.6  -  126.7 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

,  5=127 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

0 

•This  \cork  was  (•riginally  presented  in  £nj!lish  units.  Direct  conversu'n  to  metric  is  the  reason  for  small  gaps  between  each  range  of  rates. 


exceed  the  hourly  rate.  1-irin  rainfall  rate  is  generally 
referred  to  as  being  "instantaneous.”  Bussey  |1950|  found 
that  a'lwut  20';f  of  the  time  during  an  hour  the  instantaneous 
rate  was  icro,  or  a  ver;/  low  amount  called  a  “trace.”  About 
35*^  of  the  time  the  hour!;  ra!e  was  ../.ceeded,  and  it  was 
common  for  the  hourly  rate  to  be  exceeded  by  5  or  6  times 
for  a  few  minutes, 

Davis  and  McMorrow  1 1 976|  developed  tables  o*" clock- 
hour  rate  versus  instantaneous  rate  for  6  locations,  and  cock- 
hour  rate  versus  ^-min  rate  for  7  locations  from  original 
data.  They  indicate  that  these  can  be  u.sed  to  predict  the  1- 
or  4-min  rate  for  any  region  having  a  similar  precipi-ation 
regime  as  determined  from  available  clock-hour  data.  A 
variety  of  climates,  including  the  wet  tropics,  is  represented. 
Tables  16-10  and  16-11  from  this  study  give  the  percent 


contribution  of  the  instantaneous  rate  to  clock-hour  rate  for 
Urbana.  Illinois  and  Miami,  Florida. 

A  more  direct  method  for  determining  instantaneous 
rainfall  rates  was  developed  by  Jones  and  Sims  ( 1978).  They 
used  instantaneous  rainfall  rate  data  for  9  observation  sites, 
plus  4-min  rainfall  rate  data  at  another  10  sites  to  evaluate 
'  tiie  frequency  of  rainfall  rates  based  on  a  world  rain  climate 
classification  u.sed  by  Herbstritt  (1973].  Figure  16-7  from 
the  Jones  and  Sims  report  shows  the  climatic  classifications 
,  and  the  data  stations.  The  data  for  stations  within  each  of 
four  of  the  five  climatic  zones  were  summarized  and  are 
presented  in  Figure  16-8.  Although  the  curves  in  this  figure 
are  intended  to  represent  instantaneous  rainfall  rates,  mixing 
of  the  I  -  and  4-min  data  has  the  net  effect  of  giving  a  slightly 
!o'v  estimate  for  less  than  ICri'  exceedance  frequency. 


Table  16-11.  Pcrccni  conlribuiion  of  instantaneous  precipitation  rale  to  clwk-hour  precipitation  rates  for  Miami.  Florida  (annual). 


Clock-hour 

Rates 

mm/h* 

0.00- 

0.76 

1.0- 

2.3 

2.5- 
6.1  ■ 

Instantaneous  Rates 
(mm/h)* 

6.4-  12.7-  25.4- 

12.4  25.1  50,5 

50.8- 

126.7 

127- 

254 

>254 

Tot  No 
Clock-h 

Trace 

93.55 

4.60 

1.49 

0.33 

0.04 

0.0 

0.0 

0.6 

0.0 

92 

0.25 

85.31  ' 

9,44 

4.01 

1.17 

0.06 

■  0.0 

o.p 

,  0.0 

0.0 

27 

0.5  -  2.3 

65.67 

19.97 

11:13 

2  30 

0.66 

0.26 

0.01 

0.0 

0.0 

170 

2.5  -  6.1 

39,21 

16.40 

29.82 

9,84 

2.21 

2.14 

0.38 

0.0 

0.0 

74 

6.4  -  12.4 

29.8! 

11.52 

18.64 

22.42 

9.47 

5.87 

2.23 

0.04 

0.0 

44 

12.7  -  25.1 

34,04 

6.32 

16.67 

10.61 

10.00 

11,14 

10.18 

1.05 

0.0 

19 

25.4  -  50.5 

15.50 

12.17 

7.50 

12. 33 

13.17 

13.67 

20.83 

4,83 

0.0 

10 

50.8  -  76 

,  0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0  ' 

0.0 

0.0 

0 

76.2  -  101,3 

0.0 

0,0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

101.6  -  126.7 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 

>127 

0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

0,0 

0.0 

0.0 

0 

•This  work  was  (»rigina!ly  presented  In  English  units  Direct  conversion  to  metric  is  the  reason  for  small  gaps  between  each  range  of  rates. 
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Figure  l^■7.  .Rain  climalo  of  the  wiirld  |after  Herbstritt.  I97.T|. 


Figure  16-8.  Average  rainfall  rate—  frequency  relationships  for  four  rain 
climates 


A  more  comprehensive  model  for  determining  instan¬ 
taneous  precipitation  rates  exceeded  foi  a  specified  percent 
of  a  year  was  developed  by  Crane  P^O).  The  world  was 
divided  into  8  regions,  as  shown  in  Figure  i6-9.  on  the 
basis  of  total  rain  accumulation,  and  maps  showing  the 
number  of  thundersto.'n-days  published  by  Landsberg  [1974], 
Additional  guidance  was  taken  from  the  Koppen  world  cli- 
ntate  classification.  Boundaries  were  adjusted  to  accom¬ 
modate  variations  in  terrain,  predominant  storm  type  and 
motion,  general  atmospheric  circulation,  and  latitude.  Sat¬ 
ellite  and  precipitation  frequency  data  weie  used  to  extend 
the  rain  climate  regions  over  the  ocean;  however  Feldman 
(1979)  presents  an  elaborate  expansion  of  the  model  for 
.Tcean  areas.  The  U.S.  is  spanned  by  5  regions;  but  one  of 
them  is  divided  into  3  sub-regions  as  shown  in  Figure 
lf)-IO. 

The  measured  instantaneous  r-.in  rate  distributions  avail¬ 
able  for  each  of  the  7  regions  and  3  sub-regions  were  pooled 
to  construct  median  rain  rate  distributions.  These  are  pre¬ 
sented  in  Table  16-12.  No  data  were  available  for  Region 
A.  and  the  author  does  not  explain  how  its  distribution  was 
derived, 

Tattelman  and  Grantham  11982)  discuss  sources  of  I- 
min  data  and  piesent  a  survey  and  comparison  of  available 
models  for  estimating  1-min  rates.  They  found  thai  the  best 
estimates  of  annual  statistics  on  I -min  rates  are  made  using 
the  Davis  and  McMorrow’  model  for  locations  where  clock- 
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Figure  16-'),  Ruin  rule  climulc  regions  (Crunc.  I')80|.  (RvprinioJ  with  permission  from  IKEF,  S'  l')XO) 


hour  data  arc  available.  Tattelnian  and  Grantham  also  fssund 
that  good  estimates  from  cliKk-hour  data  could  he  made 
using  a  model  developed  by  Husehke  et  al,  1 1982|.  Huschke 
et  al.'  consolidated  the  tables  for  the  individual  Iwations 
from  Davis  and  McMttrrow  into  ^  tables  fs)r  all  IsKations. 


FDjurc  lf>-in  Riiin  nilo  clnnalo  regions  within  the  I'nitcJ  Slates  (Crane. 

1980]  (Reprinted  with  [vnnlssion  from  JI'Bl*  '  I9S0» 


Two  tables  represent  “convective"  and  "stratiform"  precip¬ 
itation.  The  third  table,  which  was  found  to  be  most  ac¬ 
curate.  simply  includes  all  the  data.  Where  clixrk-hour  data 
are  not  available.  Tattelnian  and  Grantham  found  the  Crane 
msxJel  prixluccd  estimates  of  annual  I  -min  rain  rate  statistics 
at  least  as  good  as  any  of  the  other  available  models. 

A  model  for  estimating  instantaneous  rainfail  rates  equaled 
or  exceeded  2.0'‘/r.  I.O'/c  .  0.57, .  0. 17, ,  0.057,  and  0.017r 
of  the  time  during  a  month  from  readily  available  clima¬ 
tological  data  was  developed  by  Lenhard  |I974|  and  im¬ 
proved  by  Tattelnian  and  Scliarr  1 198.'<1. 

The  Tattelman-Schaa  model  was  developed  using  .step¬ 
wise  multiple  regression  analysis  for  each  of  six  exceedance 
levels  (p  =  2.07f.  I.07r,  0.57, .  0.17, .  0.057,  and  0.017, 
of  time  during  the  month).  The  multiple  regression  equation 
is  expressed  by  . 


A|.  -t-  B,.T  +  CpI  +  D|.  f(L.T)  (16.7) 


where  R,,  is  the  estimated  precipitation  rate  (mm/min)  for 
cxceedani-c  level  p.  T  is  the  monthly  mean  temperature  (°F 
or  1.8  K  -  459).  1  is  a  precipitation  index  (monthly  mean 
precipitation  divided  by  the  monthly  mean  number  of  day  'i 


i 


TROPICAL 

y 

WATER  VAPOR,  PRECIPITATION,  CLOUDS,  AND  FOG 


Table  16-12.  Poini  rain  rale  (R^)  distribution  values  (mnVhr)  versus  percent  of  year  rain  rate  is  exceeded. 


Rain  Climate  Region 

Percent 
of  Year 

A 

B 

C 

D, 

D: 

D, 

E 

F 

G 

H 

0.001 

28 

54 

80 

90 

102 

127 

164 

66 

129 

251 

0.002 

24 

40 

62 

72 

86 

107 

144 

51 

109 

220 

0.005 

19 

26 

41 

50 

64 

81 

117 

34 

85 

178 

0.01 

15 

19 

28 

37 

49 

63 

98 

23 

67 

147 

0.02 

12 

14 

18 

27 

35 

48 

77 

14 

51 

li5 

0.05 

8.0 

9.5 

II 

16 

22 

31 

52 

8.0 

33 

77 

0.1 

5.5 

6.8 

7.2 

II 

15 

22 

35 

5.5 

22 

51 

0.2 

4.0 

4.8 

4.8 

7.5 

9.5 

14 

2i 

3.2 

14 

13 

0.5 

2.5 

2.7 

2.8 

4.0 

■  5.2 

'  7.0 

8.5 

1.2 

7.0 

13 

1.0 

1.7 

1.8 

1.9 

2.2 

3.0 

4.0 

4.0 

0.8 

3.7 

6.4 

2.0 

l.l 

1.2 

1.2 

1.3 

1.8 

2.5 

2.0 

0.4 

1.6 

2.8 

1  _ ^ n 

Number  of 
Station 

Years  of 

Data 

0 

25 

44 

15 

99 

18 

12 

20 

2 
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with  precipitation),  and  f(L,T)  is  a  latitude-ter.tperature  term 
defined  as 


f(L.T)  = 


(L-  23.5)T 
(40-23.5)T 


L  =S23.5'’ 
23.5°  <  L  s40° 
L  >  40° 


(16.8) 


Ap  is  the  constant  for  exceedance  level  p,  and  Bp.  Cp.  and 
Dp  are  multiple  regression  cttefficients  for  T.  I  and  f(L.T). 
respectively,  for  exceedance  level  p. 

The  minimurh  threshold  amount  of  precipitation  to  de¬ 
fine  a  rainy  day  varies  with  country.  Three  of  the  most 
common  threshold  values  used  worldwide  to  define  a  rainy 
day  are  0.25.  I.  and  2.54  mm.  The  number  of  days  per 
month  with  another  frequently  used  threshold  called  a  'trace" 
differs  only  slightly  with  the  number  of  days  equal  to  or 
greater  than  0.25  mm.  Results  of  the  stepwise  multiple 


regression  analysis  for  each  of  the  six  exceedance  levels, 
including  regression  coefficients  and  constants  to  be  used 
in  Equation  (16.7).  are  provided  in  Table  16-13,  16-14  and 
16-15  for  indices  based  on  rainy  day  threshold  values  of 
2.54  mm.  I  mm.  and  0.25  mm.  respectively. 

The  Tattelman-Scharr  model  was  subjectively  evaluated 
by  estimating  rates  at  independent  locations  representing  a 
wide  variety  of  the  earth's  climates.  Results  indicted  several 
circumstances  when  the  model  is  cither  invalid  or  should 
be  used  with  discretion.  This  occurred  for  very  dry  or  cold 
months  for  which  there  were  little  or  no  data  among  the 
dependent  stations.  The  model  was  found  to  be  generally 
invalid  when  any  of  the  following  conditions  exist  for  a 
specific  month  at  a  location: 

1 .  T  «  273  K 

2.  I  <  2mm/day 

3.  Number  of  rainy  days  <  1  . 

Inconsistencies  such  as  negative  rates,  or  increasing  rates 
’•»  '.th  increasing  exceedance  level  occasionally  occur  when 


Tabic  16-1.1  Rcsuliv  of  siepwisc  mul'ipic  regres^ion  analysis  for  exceedance  levels  p  =  0  01'*.  O.O.SCf.  O.lOCf.  O  -SO*? .  I.O'I.  and  2.0'1  based  .in  a 
thrcsh(7ld  value  t»f  2.54  nim  tor  I.  (The  regression  cwfficienls  arc  given  for  each  independent  variable.) 


P 

Constant 

Ap 

T 

Be 

lo  sai 

Cp 

f(L.T) 

Dp 

R 

SEE 

(mm/min) 

0.01 

-0.91 

2.8  X  10  - 

2.3  X  10  - 

-3.4  X  10--* 

0.83 

0.43 

0.05 

-0,50 

1.6  X  10- 

1.9  X  10  = 

-3.1  X  10* 

0.86 

0.24 

0.10 

-G.31 

!  1  X  10  = 

1.4  X  10  - 

-3.0  X  10  ■* 

0.85 

0  19 

0.50 

-0.01 

2.5  X  10  ' 

5.4  X  ,10  ' 

-  1.5  X  10* 

0.76 

0.09 

1.0 

0.03 

7.4  X  10  ^ 

2.9  X  10  ' 

-7.6  X  10  ' 

0.67 

0.06 

2.0 

0.04 

-2.0  X  10-' 

I..5  X  10  ' 

-3.2  X  10  ' 

0.64 

0.02 
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Table  lb-14.  Rcsull^  of  stepwise  inulliple  regression  analysis  for  exceedance  levels  p  =  0,0l9f.'  O.O.^Cf.  O.lfW,  0.50“?.  1.0‘X.  and  2.(W  based  on  a 
threshold  value  of  1.00  mm  for  I.  (The  regression  coefficients  are  given  for  each  independent  variable.) 


p 

Constant 

Ap' 

T 

Bp 

1(1  Ml) 

Cp 

f(L.T) 

Dp 

R 

SEE 

(mm/min) 

0.01 

-I.OC 

2.8  X  :o  ’ 

3.6  X  IO-= 

-2.2  X  lO-* 

0.84 

0.41 

0.05 

-0.56 

1.6  X  10-^ 

2.5  X  10-= 

-2.4  X  10-* 

0.88 

0  23 

0.10 

-0.36 

1.1  X  10-= 

2.0  X  10  - 

-2.4  X  10-“ 

0.87 

0.18 

0  50 

-0.03 

2.4  X  10-’ 

7.8  X  10-’ 

-  1.2  X  10-“ 

0.79  ' 

0.09 

1.0 

0.02 

0.9  X  10-* 

4.2  X  1(T’ 

-6.2  X  10  “ 

0.71 

0.05 

2.0 

0.04 

-1.8  X  lO-'* 

2.0  X  l(T’ 

-2.6  X  10  “ 

0.67 

0.02 

T  is  between  273  K  and  277  K.  When  T  is  in  this  range, 
estimated  rates  are  acceptable  if  they  are  positive  and  de¬ 
crease  with  increasing  exceedance  level.  If  the  estimated 
rates  are  consistent,  but  a  negative  rate  is  estimated  for 
p  =  2%,  this  may  indicate  that  it  rains  less  than  2%  of  the 
time  during  that  month. 

When  there  arc  between  I  and  3  rainy  days  in  the  month, 
the  model  may  estimate  rates  for  each  of  the  exceedance 
levels  which,  when  integrated,  indicate  a  total  rainfall  two 
or  more  times  greater  thari  the  monthly  mean  precipitation. 
Under  these  circumstances  heavy,  but  infrequent,  convec¬ 
tive  precipitation  accounts  for  just  about  all  of  the  precip¬ 
itation  in  the  month.  Therefore,  the  most  accurate  estimates 
are  for  the  two  or  three  lowest  exceedance  levels,  and  sig¬ 
nificant  rainfall  might  not  occur  more  often  than  0.5%  of 
the  month.  These  possibilities  should  be  considered  before 
accepting  rate  estimates  in  arid  locations. 

16.2.1.3  Extreme  Rates.  As  noted  in  the  previous  sec¬ 
tions,  there  are  many  stations  in  the  world  where  precipi¬ 
tation  is  measured,  but  there  are  few  outside  of  the  U.S. 
and  Europe  where  amounts  are  tabulated  and  published  for 
time  periods  of  less  than  24  hours.  In  tropical  regions,  where 
the  most  intense  precipitation  occurs,  data  on  extremes  of 
short-duration  rainfall  are  even  rarer  than  for  the  middle 
latitudes.  United  St.ites  Weather  Bureau  Technical  Paper 
No.  25  I  Iv55|  presents  rainfall  intensity-duration  curves  for 
200  stations  in  the  contiguous  United  States  plus  I  station 
each  in  Alaska.  Hawaii,  and  Puerto  Rico.  Lenhard  and 


Sissenwine  [1973]  found  Pensacola,  Florida  to  have  the 
most  intense  rainfall  of  the  203  stations;  the  curves  for 
Pensacola  are  reproduced  in  Figure  16-11  for  2-  to  lOO-yr 
return  periods.  Smoothed  analyses  of  the  data  from  indi¬ 
vidual  stations  were  subsequently  published  by  the  National 
Weather  Service  because  the  variable  nature  of  ninfall  can 
result  in  .substantial  differences  in  rainfall  intensity  statistics 
between  stations  separated  by  a  relatively  short  di.stance  [for 
example,  Frederick  et  al.,  1977).  A  return  period  represents 
the  time  interval  that  an  event  would  be  expected  to  occur 
at  least  once.  Mathematically,  a  return  period  of  n  years  is 
the  reciprocal  of  the  probability  of  the  event  occurring  in 
one  year.  If  we  denote  the  probability  of  the  event  not 
occurring  in  one  year  by  P.  the  P  =(2  -  1/n).  The  prob¬ 
ability  that  it  will  not  happen  in  n  years  is  P".  That  is.  the 
probability  of  the  event  occurring  at  least  once  in  its  return 
period  approaches  63%  asymptotically  as  n  increases.  Com- 
parision  of  the  these  curves  with  estimates  of  world-wide 
extremes  using  the  model  presented  in  the  Lenhard  and 
Sissenwine  study  indicate  that,  except  for  tropical  moun¬ 
tainous  areas  with  orngraphically  enhanced  rainfall,  rainfall 
intensities  at  Pensacola  are  comparable  to  those  at  some  of 
the  more  extreme  locations  in  the  world.  This  is  not  sur¬ 
prising,  since  thunderstorms  occurring  in  tropical  maritime 
air  over  the  United  States  are  considered  as  severe  as  most 
places  in  the  world. 

The  most  extreme  rainfall  intensities  that  have  ever  been 
recorded  in  the  world  for  time  pericxis  of  1  minute  to  1  year 
are  shown  in  Figure  16-12,  with  aii  envelope  of  their  ex¬ 
tremes.  Data  used  were  obtained  from  Riordan  [1974]. 


Table  16-15.  Rcbults  of  stepwise  multiple  regression  analysis  for  exceedance  levels  p  =  O.OI^,  0.05'5f.  O.K)^.  0.50^.  1.09f.  and  2.0^  based  on  a 
threshold  value  of  0.25  mm  for  I.  (The  regression  coefficients  are  given  for  each  independent  variable.) 


B 

Constant 

Ap 

T 

Bp 

1(0  25) 

f(L.T) 

Dp 

R 

SEE 

(mm/min) 

0.01 

-  1.00 

2.8  X  i0-= 

4.2  X  10  = 

-2.2  X  10“ 

0.85 

0.41 

0.05 

-0.56 

1.6  X  10-= 

3.0  X  10^= 

-2.3  X  10-“ 

0.88 

0.22 

0.10 

-0.36 

1.1  X  10-= 

2.4  X  10  = 

-2.3  X  10-“ 

0.88 

0.17 

0.50 

-0.03 

2.3  X  10-“ 

l.C  X  10  = 

-1.2  X  ia“ 

0.82 

0.08 

1.0 

O.Oi 

5.6  X  10  “ 

6.0  X  10-“ 

-5.6  X  10  “ 

0.77 

0.05 

2.0 

0.03 

”-2.3  X  10 
_ 

2.8  X  10  ' 

-2.4  X  |0-“ 

0.74 

0.02 
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Figure  1 1 .  Rainfall  intensity-duration-frequency  curves  for  Pensacola, 
Florida. 

16.2.1.4  Duration  of  Rainfall  Rates.  Tne  question  of 
how  long  a  given  rate  is  likely  to  persist  was  investigated 
by  Sims  and  Jones  11973).  They  derived  duration  tables  for 
Miami.  Fla.:  Majuro  Island:  Island  Beach.  N.J.:  Franklin, 
N.C.:  and  Urbana.  III.  based  on  an  analy.sis  of  at  least  one 
year  of  I -min  rainfall  rates  at  each  location.  The  tables 
present  the  conditional  frequency  distribution  of  occurrences 
of  various  durations  from  I  to  90  minutes  for  rainfall  rates 
from  0.2  to  3.0  mm/min.  Table  16-16  presents  the  results 
for  Miami,  Fla.  based  on  1  year  of  data.  The  table  indicates, 
for  example,  that  when  it  was  raining  the  rate  exceeded  0.8 
mm/min.  it  continued  at  that  rate  or  greater  for  at  least  4 
min  52. \%  of  the  time.  It  equaled  or  exceeded  that  rate 
continuously  for  25  min  only  1.1%  of  the  time.  Note  that 


MINUTES  NOUNS  OATS  .  MONTHS 


Figure  16*12.  World  record  rairfail  values. 

the  table  docs  not  indicate  how  often  various  rates  occur, 
bet  how  long  various  rates  continued  at  that  rate  or  higher 
w'tnout  dropping  to  a  lower  rate. 

16.2.1.5  Rainfall  Rates  Along  Lines.  Jones  and  Sims 
11571]  present  data  for  3  rain  gage  networks,  one  near 
Miami  and  two  in  England.  Data  for  a  larger  network  in 
central  Illinois  are  presented  by  Sims  and  Jones  (1973). 
Average  intensities  along  paths  of  various  lengths,  based 
on  2-min  rates,  were  derived  for  all  the  networks.  The 
cumulative  frequencies  of  average  rates  for  2-gage'(5-km), 
8-gage  (3.3-km),  and  14-g3ge  (62-km)  north-south  lines  in 
the  central  Illinois  network  are  shown  in  Figure  16-13.  This 
figure  illustrates  the  effect  of  line  length  on  the  frequency 
of  the  line-averaged  rates.  For  rates  greater  than  0.2  mm/min, 
the  highest  rates  occur  most  often  on  fl  s  shortest  line.  Tliis 
is  because  larger  paths  are  Iik:!y  to  extend  beyond  the  high 
rates  at  the  core  of  a  rain  cell  into  an  area  of  light  or  no 
rain.  This  i  ituation  reverses  during  light  rain  (<0.2  mm/min 
in  the  figure)  since  a  short  path  is  more  likely  to  be  associated 
with  the  fringe  of  a  rain  cell. 


■fable  16-16.  Conditional  frequencies  of  durations  of  various  precipitation  rates  for  a*'out  one  year  of  data  from  Miami,  Florida. 
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PERCENT  OF  TIME  THAT  RAINFALL  RATE  EXCEECS  THRESHOLD 

Fig  ure  16'  13.  Cumulafive  frequency  drstribution*i  of  average  rainfall  rates 
for  5'.  33-.  and  62'km  north-south  lines  in  central  Illinois. 

16.2.2  Hail 

Hail  consists  of  ice  particles  with  a  diameter  of  5  mm 
or  more.  Smaller  particles  are  classified  as  ice  oellets.  Gen¬ 
erally  transparent  globular  ice  pellets  are  called  sleet,  while 
generally  translucent  snow  pellets  encased  in  a  thin  layer 
of  ice  are  called  graupel  or  soft  hail.  If  the  diameter  of  the 
ice  particles  is  2  cm  or  more,  it  is  called  large  hail. 

The  potential  for  damage  of  hailstones  depends  on  the 
size,  density,  hardness,  number  density,  impact  velocity, 
and  duration  of  the  hailstorm.  For  a  vehicle  in  flight  the 
hirrizontal  extent  of  the  hailstorm  also  becomes  important. 
However,  it  is  difficult  or  imnossible  to  take  all  factors  into 
account.  Consequently,  for  this  review  the  criterion  of  hail¬ 
storm  intensity  is  arbitrarily  restricted  to  maximum  stone 
size. 

Hailstone  diameters  of  1 .9  to  2.5  cm  are  the  minimum 
for  damage  to  aircraft,  especially  in  flight  when  the  impact 
is  greater  due  to  airspeed.  The  metal  surface  of  a  transport 
aircraft  at  rest  on  the  ground  resists  damage  from  hailstones 
up  to  7.5  cm  in  diameter.  Damage  to  crops  reportedly  occurs 
with  hailstones  exceeding  3.5  cm  in  diameter.  However,  a 
great  number  density  of  smaller  6  mm  stones  will  damage 
crops  of  wheat,  com  and  soybeans  |Gringorten,  1971 ).  Ter¬ 
minal  veliKity.  an  important  factor  in  the  destructive  power, 
is  related  directly  to  the  size  of  the  hailstones. 

16.2.2.1  Hailstone  Characteristics.  Although  hailstone 
diameters  arc  usually  less  than  1.3  cm.  there  is  a  distribution 


frequenev  from  0.25  cm  to  several  centimeters.  In  l-  .ptem- 
ber  1970  a  hailstone  diameter  of  14  cm  was  reported  to 
have  fallen  in  Coffeyville,  Kansas.  In  hailstorms,  the  con¬ 
ditional  probability  of  occurrence  of  maximum-size  hail¬ 
stones  of  7.5  Cm  or  greater  is  approximately  0.5%.  of  5  cm 
or  greater  2%.  o<'  2.5  cm  or  greater  7%  or  8%.  Diameters 
of  less  than  3  mm  occur  roughly  5%  of  the  time  (Gringorten, 
1971], 

The  density  (weight  per  unit  volume)  of  hailstones  is  a 
variable  with  little  documentation.  For  some  large  natural 
hailstones  in  several  storms  in  the  midwestem  U.S.,  esti¬ 
mates  ranged  from  0.828  to  0.867  g/cm’.  Hence,  a  rounded 
vajue  of  0.9  g/cm’  is  deemed  acceptable  in  calculations  of 
impact  energy.  Such  large  hailstones  have  an  Onion-like 
sti  ucturc,  attesting  to  the  up-and-dov/n  motiop  to  which  they 
have  been  subjected  during  their  growth  in  sever,"  storms. 

Terminal  velixrity  (w).  according  to  most  authors,  can 
be  related  directlv  to  the  hailstone  'diameter  (d)  oy 

w  =  KVd  ,  (16.10) 

For  w  in  cm/s  and  d  in  cm,  the  value  of  K  at  the  .surface 
has  been  found  to  range  from  1 150  to  1990.  with  a  “best” 
estimate  at  1630. 

16.2.2.2  Hailstorm  Characteristics.  The  ratio  of  hail¬ 
storms  to  thunderstorms  varies  greatly  with  geography,  so 
that  thunderstorm  frequency  is  no  criterion  of  hail  fre¬ 
quency.  The  month  of  greatest  hailstorm  frequency  also 
varies.  In  the  United  States  the  hail  season  extends  from 
April  to  September,  with  June  and  July  the  most  severe 
months.  Most  hail  occurs  between  1200  and  1900  LST  w  ith 
a  peak  for  damaging  hail  at  1600  LST. 

The  width  of  a  swath  of  hailstone  incidence  ha"  been 
variously  estimated  from  a  few  yards  to  120  km,  but  rarely 
more  than  8  km.  The  length  of  the  path  is  considerably 
greater  than  the  width,  but  even  more  difficult  to  define. 
The  term  “hailstreaks"  has  been  coined  for  hailstorms  in  the 
midwest,  which  are  normally  2  to  25  km  !o.;g  in  Illinois. 
The  median  width  is  1.5  to  3  km.  the  length  is  10  km  in 
Illinois  and  25  km  in  South  Dakota.  The  areal  extent  of 
these  hailstreaks  varies  from  2  to  2000  km’. 

Large  hail  (greater  than  2  cm),  is  found  only  in  well- 
developed  thunderstorms  whose  cloud  tops  may  reach  15 
km.  Small  hail  and  soft  hail  are  thought  by  some  meteor¬ 
ologists  to  be  an  e.ssgntial  feature  of  all  thunderstorms.  How¬ 
ever,  ice  particles  less  than  1  cm  in  diameter,  which  may 
be  present  aloft  in  the  cores  of  the  thunderstorms,  are  likely 
to  melt  completely  before  reaching  the  ground.  Although 
thunderstorms  are  most  frequent  in  the  tropics  and  subtrop¬ 
ics,  occurring  up  to  180  days  per  year  in  several  places, 
hail  is  rarely  found  on  the  ground  in  the  tropics.  Hail  on 
the  ground  is  most  likely  found  in  n'.idlatitude  mountainous 
and  adjacent  areas. 
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16.2.2.3  Frequency  and  Duration  at  the  Ground.  The 
most  severe  hail  activity  in  the  world  occurs  in  the  United 
States,  and  the  most  significant  center  within  the  United 
States  is  in  western  Nebraska  and  southeastern  Wyoming. 
Although  the  greatest  number  of  hailstorm  days  is  at  Chey¬ 
enne.  Wyoming,  averaging  9.4  days  per  season,  it  is  so 
localized  that  an  average  of  7  days  per  year  may  be  con¬ 
sidered  an  acceptable  extreme.  By  comparison,  in  some 
areas  thunderstorms  average  40  to  .^0  days  per  year.  In  the 
most  severe  month  and  in  the  most  severe  location,  the 
average  number  of  hailstorms  is  2.9  per  month.  However, 
a  more  acceptable  number  for  our  use,  especially  for  ap¬ 
plication  to  flight  paths,  is  2  hailstorms  per  month. 

Using  the  average  of  7  hailstorms  per  year  in  the  Poisson 
distribution  for  the  frequencies  of  zero,  one,  and  two  hail¬ 
storms  per  year,  together  with  the  conditional  frequency 
distribution  of  the  maximum  hailstone  size  in  a  storm  (Sec¬ 
tion  16.2.2.1),  we  obtain  the  cumulative  probability  of  the 
annual  largest  hailstone  diameter  in  the  most  severe  location 
shown  in  Figure  16-14.  Application  of  the  Gumbel  distri¬ 
bution  further  leads  to  estimates  of  the  greatest  diameters 
in  periods  of  1  to  25  years  (Table  16-17). 

The  duration  of  hailstorms  has  been  reported  variously 
from  a  few  minutes  to  a  few  hours.  The  best  estimate  for 
the  average  time,  at  the  point  of  most  severe  occurrence 
and  in  the  most  severe  month,  is  10  min  [Changnon,  1970). 
When  this  is  coupled  with  the  average  of  2  hailstorms  per 
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Figure  16-14.  Cumulative  probability  of  the  aimuai  largest  hailstone  di¬ 
ameter  in  the  most  severe  liKation.  plotted  on  extreme 
probability  paper. 


Table  16-17.  Diameter  of  the  maximum-size  hailstone  in  pcrifxl  of  I  to 
25  years  in  the  most  severe  location. 


Period 

of 

Years 

Hailstone  Diameter  (mm) 

.  Average 

.  I07e  Extreme 

1 

25 

55 

2 

.35 

66 

5 

5.3 

76 

10 

'63 

89  • 

25 

'  76 

102 

month,  the  single-point  probability  of  encountering  a  hail¬ 
storm  becomes  0.(XX)448.  The  probability  of  encounter  in 
teims  of  hailstone  size  is  shown  in  Table  16-18. 


16.2.2.4  Hail  Aloft.  Nearly  every  thunderstorm  has  some 
hail,  snow,  or  ice  pellets  at  one  stage  or  another  of  its 
development,  particularly  at  levels  between  6  and  8  km.  At 
any  given  time,  however,  hail  is  considered  to  occur  in  a 
shallow  layer.  Above  9  km  hail  has  been  encountered  in¬ 
frequently.  but  cannot  be  discounted. 

in  the  absence  of  sufficient  and  objective  data  a  certain 
amount  of  inference  must  be  used  in  considering  the  fre¬ 
quency  of  hail  as  a  function  of  altitude.  Hailstories  must 
form  and  grow  in  size  above  the  freezing  level  in  the  at¬ 
mosphere.  Over  northeastern  Colorado,  western  Nebraska, 
or  southeastern  Wyoming,  the  average  height  of  the  27. i  K 
isotherm  is  4  I  km  during  the  hail  season  (summer).  Once 
formed,  the  hailstones  will  fall,  be  buffeted  vertically  up 
and  down,  or  become  suspended  at  a  "balance"  level.  This 
should  become  a  level  of  high  concentration  and.  therefore, 
a  level  with  a  relatively' high  probability  of  hail  occurrence. 
Balance  levels  may  be  either  at  or  below  the  level  of  updraft 
maximum,  but  above  the  freezing  level. 

With  our  present  knowledge,  it  is  expedient  to  assume 


Tabic  16*18  Rsiiniates  of  ihc  probability  of  cncounlcrinc  hailstoncN  of 
given  diameter  at  u  single  point  location  fnnn  ground  to 
I.SOO  km  M:  the  most  se\crc  hKation  In  the  worst  month. 


Hail  Diameter 
(cm) 

Single-station 

Probability 

Any  size 

0.448  X  10  • 

^  0.6 

0..3.‘S4  X  10  ' 

^  1.3 

0.161  X  10  ' 

&  1.9 

0.605  X  10  " 

^  2.5 

0.314  X  10 

&  5.1 

0.851  X  10' 

5=  7.6 

0.170  X  10 

^10.2 

0.25  X  10'- 
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that  the  probability  of  encountering  h  ;il  is  uniformly  the 
same  at  any  level  from  3  to  6  km.  and  that  any  level  in  this 
interval  can  become  a  level  of  hail  concentration.  Concom¬ 
itantly,  it  is  assumed  that  the  pronability  of  hail  encounter 
decreases  from  ,3  downward  to  1,.'^  km  and  also  from  6 
upward  to  14  km.  Since  hailstones  do  not  form  or  grow  at 
the  1.5  km  level,  and  since  hailstones  do  not  melt  appre¬ 
ciably  when  falling  from  that  level  to  the  surface,  the  prob¬ 
ability  of  hail  encounter  at  levels  at  and  below  1 .5  km  is 
approximately  the  same  as  that  found  at  the  surface 
(0.000448). 

For  the  significantly  large  hailstones  (>2  cm  diameter), 
it  has  been  found  that  their  diameters  remain  virtually  un¬ 
changed  when  falling  from  aloft  to  the  ground.  As  a  result, 
the  conditional  probability  distribution  of  hailstone  diame¬ 
ters  aloft  can  be  adequately  estimated  by  the  conditional 
probability  distribution  at  the  surface. 

Estimates  of  the  ratio  of  probabilities  of  hail  aloft  to  hail 
at  a  lower  level  are  available  for  thunderstorms  in  Ohio  and 
Florida.  In  these  storms  hail  was  encountered  about  7  times 
more  often  between  .3  and  6  km  than  at  1 .5  km.  These  data 
also  indicated  that  at  7.6  km  the  probability  of  encountering 
hail  is  about  .3  times  as  great  as  at  1.5  km.  Above  7.6.km 
the  probability  of  encountering  hailstones  diminishes  stead¬ 
ily  to  nearly  zero  at  1.3.7  km  (Table  16-19). 

The  probability  of  hail  iKcurring  at  the  ground  increases 
with  increasing  height  of  the  radar-echo  tops  of  the  asso¬ 
ciated  thunderstorm.  For  example,  hail  has  been  reptirted 
on  the  ground  for  abc>ut  half  of  the  New  England  thunder- 
.stotms  when  radar-echo  tops  have  exceeded  15  km.  In  ad¬ 
dition.  hadstorms  in  the  southern  and  midwestem  U.S. 
sometimes  have  echo  tops  up  to  18  and  21  km  (Kantor  and 
Grantham.  I968|.  These  extremely  high  echo  tops  extend 
well  above  (he  cirrus  anvil  and  penetrate  several  kilometers 
into  the  stratosphere.  Because  these  giant  storms  must  be 
accompanied  liy  exceedingly  high  vertical  velcKities,  hail 
above  the  tropopause  is  possible. 


Tabic  lb-  m.  E?.limalis  nf  the  priihabilii\  <it  cnci>unlcring  hail  of  any  si/c 
al  u  Itvaliiin  b\  aliitudc. 


Altitude 

(km) 

Probaoility 

Ground  level 

0.(XX)448 

1.5 

0.000448 

3.0 

0.00314 

4.6 

0.00314 

.  6.1 

().(X)3I4 

7.6 

0.001.34 

•  9.1 

0.(X)1(X1 

10.7 

().0(X)67 

12.2 

0.(XX).34 

13.7 

O.fXX) 

Tablc  16-20.  Rslimates  of  the  probabiliiy  of  iKcurrence  of  a  hailstorm  in 
an  area  (A),  in  the  worst  area  during  the  worst  period,  when 
2  hailstorms  per  month  are  expected  at  any  single  point. 


Area 

A 

(km-) 

Probability 
(in  7c) 

0 

0.045 

26 

0.06 

260 

0.17 

2600 

0.58 

26  000 

3.1 

260  000 

29 

16.2.2.5  Area  and  Line  Coverage.  Ten  years  of  obser¬ 
vations  at  a  network  of  some  50  stations  in  a  400  km’  area 
around  Denver  (Beckwith,  1960)  gave  the  average  ratio  of 
occurrence  of  hailstorm  days  in  that  area  to  the  occurrence 
at  a  single  stationas  4.4  toil.  Thus,  if  the  probability  of 
occurrence  at  a  single  station  is  0.000448,  then  the  prob¬ 
ability  of  one  or  more  occurrences  in  a  km-  srea  would 
be  0.00197.  A  subsequent  investigation  u.  '..inois  and  South 
Dakota  [Changnon.  1971.)  has  led  to  the  conclusion  that  the 
area-to-point  ratio  of  hail-day  frequencies  is  related  to  the 
area  size,  but  is  reasonably  independent  of  geography. 

With  the  above  information  ■  a  recent  model  of  areal 
coverage  IGringorten.  1979)  has  yielded  an  e.stimate  of  the 
correlation  coefficient  of  0.99  for  hail  events  at  points  1.3 
km  apart.  With  this  estimate  the  probability  of  a  hailstorm 
occurrence  somewhere  in  an  area  (A)  as  a  function  of  the 
,  size  of  that  area  becomes  as  shown  in  Table  16-20.  The 
model  also  has  yielded  the  probability  of  encountering  hail 
along  a  flight  path  (at  an  altitude  where  the  single-point 
probability  is  0.00.314).  as  0.025  in  a  path  length  of  160 
km,  and  0.042  in  a  path  of  32C  km.  The  probability  of 
encountering  hailstones  of  at  least  2,5  cm  in  diameter  is 
smaller  by  7/100.  becoming  0.0018  for  160  km  and  0.0029 
for  320  km. 

16.2.2.6  Hail  in  Design  and  Operation  of  Equipment. 

Since  the  probability  of  hail  of  even  the  smallest  size  is  very 
slight  betvvecn  the  ground  and  1.500  m  and  since  the  effect 
of  hail  on  most  surface  equipment  will  not  result  in  endan¬ 
gering  human  life,  there  is  no  need  to  specify  a  hail-size 
extreme  as  an  operational  design  criterion.  If  hail  interferes 
with  a  surface  operation.  pt>stp<inement  until  the  storm  ends 
is  advisable. 

Aloft  (between  3  and  6  km),  probabilities  of  hail  arc  as 
high  as  0.(K),314.  which  is  still  sufficiently  low  so  that  there 
is  no  need  to  specify  a  hail-size  extreme  for  equipment 
whose  failure  would  not  endanger  human  life.  I!  such  danger 
exists,  hoyyever.  the  estimates  provided  in  this  section  should 
be  considered. 


16.2.3  Snowfall 
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Snow  is  important  to  the  design  of  equipment  and  struc¬ 
tures  that  must  bear  an  increased  structural  load  imposed 
by  snow  accumulations.  It  can  also  impede  movement  over 
uncleared  ground.  In  areas  where  the  mean  winter  temper¬ 
atures  are  near  or  below  freezing,  the  maximum  depth  of 
snow  during  the  season  is  usually  the  accumulation  from 
many  individual  snows.  In  warmer  climates  extremely  heavy 
snowstorms  can  occur,  but  these  are  usually  followed  by 
melting  and  amounts  on  the  ground  at  any  one  time  are  not 
as  great  as  in  colder  areas  farther  north.  The  most  favored 
locations  for  heavy  snowstorms  and  excessive  snow  depths 
are  mountain  locations,  especially  those  in  proximity  to 
large  bodies,  of  water. 

A  survey  on  North  American  snowfall  extremes  through 
the  1969-70  season  by  Ludlum  (I970|  indicates  that  each 
state  in  the  U.S..  except  Florida  and  Hawaii,  has  recorded 
24-h  snowfalls  of  at  least  45  cm.  North  America's  heavie.st 
24-h  accumulation  of  193  cm  (Kcurred  at  Silver  Lake.  Col¬ 
orado,  a  mountain  IrKation  (elevation  31 15  m).  A  study  of 
intense  snowfalls  by  Riordan  |I973|  indicates  that  at  lea.st 


75  cm  of  snow  has  been  recorded  in  a  24-h  period  in  23 
states  in  the  U.S.  including  locations  as  far  south  as  Arizona, 
New  Mexico.  North  Carolina,  and  Virginia.  The  greatest 
Canadian  24-hour  snowfall  was  1 12  cm  at  Livingston,  Al¬ 
berta.  North  America's  greatest  single  storm  accumulation 
of  480  cm  occurred  at  Mt.  Shasta  Ski  Bowl  in  the  California 
mountains  | Riordan,  I974|.  The  greatest  measured  snow 
depth  in  the  U.S.  was  1 145  cm  at  Tamarack.  California. 

Snow  loads  on  structures  are  not  routinely  measured  and 
must  be  estimated.  This  requires  information  not  only  on 
the  depth  of  snow,  but  also  its  density.  Even  then,  the  shape 
and  type  of  structure,  and  its  wind  exposure  must  be  taken 
into  account.  The  density  of  freshly  fallen  snow  is  most 
commonly  between  0.05  and  0.15  g/cm'.  Consequently  an 
accumulation  of  76  cm  with  a  "normal"  density  of  0. 1  g/cm' 
would  result  in  a  snow  load  on  the  ground  of  about  76 
kg/m^  Depths  in  much  of  North  America  can  greatly  exceed 

76  cm,  and  fain  on  top  of  the  snow  significantly  increa.ses 
its  density.  Boyd  |1961|  analyzed  snowTall  statistics  for 
more  than  2(X)  Canadian  stations.  His  analysis  of  the  max¬ 
imum  depth  of  snow  is  shown  in  Figure  16-15  for  a  30- 
year  return  period,  the  time  interval  in  which  the  indicated 


Figure  16- 1.^.  Ma'iimum  dcplh  i»f  for  a  ,V>-u‘ar  return  penixi  for  Can.ida  cxprcs'.etl  in  metric  units  |Bovil.  IW>lj 
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Fiyurc  Ift-lh.  (-^limaicd  maximum  siitmloail  in  Canada  in  a  .V)-ycar  return  pcriiHi  expressed  in  metric  units  |B<iyd.  I^ll 


maximum  depth  would  be  expected  to  xKcur  (a  63*^  ehance) 
at  least  once.  He  also  estimated  the  amount  of  rain  that 
could  (Kcur  and  be  retained  by  the  snow-.  These  findings 
are  incorporated  into  Figure  16- !6.  which  indicates  that  a 
maximum  snow  load  on  the  ground  of  6(X)  kg/m’  can  <Kcur 
in  non-tnountainous  areas  in  eastern  Canada.  He  tentatively 
indicates  that  snt'w  loads  on  flat  or  low-slope  roofs  would 
be  abxiut  8()'/r  of  the  ground  load  based  on  limited  rrbser- 
vatjons.  In  a  1951  U.S.  Weather  Bureau  study,  the  maxi¬ 
mum  non-mountainous  ground  snow  load  in  the  C.S.  is 
estimated  at  .^00  kg/nr’.  and  the  I  year  in  l<>  maximum  at 
20(>  kg/m-’.  .Snowfall  extremes  in  North  America  arc  con¬ 
sidered  to  be  as  severe  as  anywhem  in  the  world,  sxx  that 
these  values  are  considered  representative  of  nx>n-moun- 
tainous  worldwide  extremes. 

16.2.4  Ice  Accretion  on  Surface  Structures 

Ice  accretion,  or  icing,  refers  to  ice  accumulating  on 
stationary  objects  located  near  the  earth's  surface.  Such  ice 
can  disrupt  transportatii'h.  cause  power  and  eomnuinication 
outages,  and  result  in  severe  damage  to  structures  bearing 


the  burden  of  accumulated  ice.  Nevertheless,  it  remains  one 
of  the  few  meteorological  conditions  not  quantitatively  ob¬ 
served  on  a  routine  basis  by  any  national  weather  service. 

There  are  three  basic  types  of  ice  formed  by  accretion 
in  the  atmospherg:  glaze,  hard  rime,  and  soft  rime.  Glaze 
ix'curs  most  commonly  W  hen  rain  or  drizzle  freezes  on  ob¬ 
jects.  It  is  clear  and  nearly  as  dense  as  pure  ice  Iwhich  has 
a  density  of  0.917  g/em'j.  Hard  rime  is  less  transparent  than 
glaze,  and  at  times  is  opaque,  depending  on  the  quantity  of 
air  trapped  in  the  ice.  Its  density  varies  from  about  0  6  0.9 
g/cm'.  .Soft  rime,  which  is  white  and  opaque,  is  feathery 
or  granular  in  appearance,  w  ith  a  density  less  th;.n  0,6  g/cm '. 
Rime  ice.  Nuh  hard  and  soft,  is  most  often  formed  by  the 
freezing  of  superciHiled  cloud  or  fog  droplets.  For  this  reason 
it  is  a  kKalized  phenomenon,  wcurring  most  frequently  in 
mountainous  areas  or  hilltops  exposed  to  low  .  stratus  type 
clouds,  or  on  land  areas  adjacent  to  binlies  of  water. 

Most  of  the  informatic'n  available  on  surface  icing  is  lor 
glaze;  it  is  usually  recorded  because  of  extensive  human 
distress  or  a  large  amount  of  damage.  Hven  then,  measure¬ 
ments  have  been  subjective,  non-standardi/ed.  and  diriiculi 
to  inteipret.  The  most  comprehensjxe  study  on  the  geo¬ 
graphical  distribution  and  frequency  »'f  glaze,  worldwide. 
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Figure  !F.-17.  Nuaihcr  of  linws  ice  at  least  1 ,25  cm  thick  was  observed 
during  the  ^-vear  period  of  the  AsstKiation  of  American 
Railroads  Study  (Bennett.  I‘^.5y|. 


was  done  by  Bennett  119591.  The  information  presented 
'ndicates  that  glaze  is  as  frequent  and  as  severe  an  occur¬ 
rence  in  parts  of  North  America  as  it  is  anywhere  in  the 
world.  Figure  16-17  from  that  reptirt  shows  the  number  of 
times  that  ice  at  least  1.25  cm  in  thickness  was  observed 
in  the  U.S.  during  a  9-yr  period  in  a  study  by  the  Association 
of  American  Railroads.  Although  the  length  of  record  is 
short  for  climatological  purposes,  the  relatively  high  fre- 
iiuoncy  of  heavy  ice  storms  in  the  central  and  northeastern 
U..S.  IS  supported  by  other  data. 

Tattelman  and  (iringorten  |I97,7|  reviewed  many  smimes 
for  information  on  ice  storms  in  the  contiguous  UiS.  for  the 
.So  winter  seasons  from  l919-.;0  through  1968-69.  The  data 
were  analyzed  to  determine  the  probability  of  tKcuirencc 
of  ice  thicknesses  in  each  of  eight  regions  in  the  U.S.  The 
regions  shown  in  Figure  16-18  are  areas  w  ith' similar  glaze 
characteristics  subjectively  determined  on  the  basis  of  lat¬ 
itude.  geography,  climatology  and  the  distribution  of  ice 
storms.  Figure  16-19  shows  ice  thickness  versus  probability 
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Figua*  lb*  19.  Ksiimaicd  pD>bability  of  Icc  thickness,  r.  tveurring  at  least 
once  in  any  year  at  a  representative  point  in  region  Ilf 
(AVGi.  and  in  the  most  severe  part  of  region  III  tMA.Xl 
ITaitelman  and  CJringorten.  t97^). 

of  rKcurrence  in  a  year  for  tbe  northeast  (region  III  in  Figure 
1 6- 1 « ).  w hich  had  the  greatest  frequency  of  ice  storms.  The 
curve  labelled  AVG  represents  an  average  for  ell  states  in 
the  region,  v/hcreas  the  curve  labelled  M.AX  represen's  the 
estimate  for  the  state  in  the  region  with  the  highest  frequency 
of  ice  storms.  The  authors  stress  the  subjectivity  involved 
in  arriving  at  their  estimates. 

Fastem  Canada,  from  Nova  Scotia  and  New  foundland 
northward  to  southern  Baffin  Island,  has  the  highest  fre¬ 
quency  of  freezing  min  and  dn/zle  in  North  America  [.McKay 
and  Thompson.  1969].  Fxtreme  ice  storms  in  this  area  have 
prixluced  accumulations  of  ice  20  to  40  cm  in  thickness. 
This  is  not  surprising  hecaiise  the  area  is  frequently  subject 
to  the  passage  of  slow  moving  "mature"  cyclones,  and  as- 
siK'iated  winds  can  exceed  huaicane  force  l.VT  m/s).  Strong 
w  inds  increase  the  number  of  precipitation  drops  impinging 
on  a  vertical  surface,  so  that  the  accumulation  of  ice  can 
exceed  the  depth  of  precipitation  by  a  factor  of  }  or  more. 

Ice  accretion  is  difficult  to  measure  K’cause  the  shape 
and  size  of  the  collecting  surface,  and  its  orientation  to  the 
wind  can  result  in  large  differences  Furthermore,  the  con¬ 
figuration  and  density  of  ice  on  a  surface  are  dependent 
uptin  a  number  of  atmospheric  variables.  Tattelman  1 1982| 
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Table  16-21.  Mean  and  standard  deviation  of  the  ratios  of  the  mass  of 
ice  on  the  .1-.  l.V.  and  50-mm  diameter  cyclinders  to  that 
on  the  2S  mm  diameter  cylinder. 


Category 

Cylinder  Diameter 
(mm; 

Mean 

Standard 

Deviation 

In-cloud  icing 

3.2 

0.21 

0.059 

In-cloud  icing 

12.7 

0.59 

0.062 

In-cloud  icing 

50.8 

1.47 

0.116 

Freezing  rain 

3.2 

0.041 

Freezing  rain 

12.7 

0.54 

0.056 

Freezing  rain 

50.8 

!  65 

0.091 

Both  combined 

3.2 

0.20 

0.054 

Both  combined 

12.7 

0.57 

0.063 

Both  combined 

50.8 

1.56 

0.:39 

gives  an  overview  on  the  dynamics  of  ice  accretion  and 
research  in  the  held.  He  also  presents  an  analysis  of  icing 
measurements  on  cylinders,  for  differing  synoptic  condi¬ 
tions,  made  during  climatic  chamber  tests  of  an  ice  meas¬ 
urement  system.  Results  include  a  comparision  of  the  mass 
of  ice  that  accumulates  on  cylinders  which  are  3,  13.  25. 
and  50  mm  in  diameter  (Table  16-21). 


16.2.5  Distributions  of 

Precipitation  Elements 

Precipitation  parameters  vary  appreciably  with  type  of 
storm,  geographic  location,  and  even  from  storm  to  storm 
of  the  same  type  and  in  the  same  geographic  region;  for  this 
reason,  no  mixlel  stoms  arc  presented  in  this  section.  How¬ 
ever.  individual  profiles  or  averages  that  are  derived  from 
observations  at  several  ItKations  an;  given,  and.  wherever 
possible,  the  applicability  and  representativeness  of  the  data 
are  indicated.  Great  care  must  be  taken  in  extrapolating  the 
results  to  geographical  regions  that  are  characteri/ed  by  a 
climatology  which  differs  from  that  of  the  region  from  which 
the  data  were  obtained 

16.2.5.1  Raindrop  .Size  UistributioRS.  Numerous  equa¬ 
tions  have  been  pn>poscd  to  express  the  si/e  distribution  of 
raindrops  measured  at  the  ground  as  a  functhrn  of  rainfall 
rate.  They  can  ;'ll  be  expressed  in  the  form 

Nn  AD  =  N..D  "expt  -  AD  "l.  1 16  1 1 ) 

where  N,,  AD  is.  the  number  of  drops  per  unit  volu.me  w  ith 
diaiiictcis  between  D  and  D  -*■  AD,  N„  is  the  value  of  Nt, 
where  the  curve  crosses  the  D  =  0  axis.  .\is  a  parameter 
that  depends  on  tb-  rpe  and  intensity  of  the  precipitarivin. 
and  i«  and  (3  are  parameters  which  dctcmiine  the  shape  of 
the  distribution. 


Figure  16-20.  Four  typical  shapes  of  raindrop  size  distributions  measured 
at  the  ground. 

Examples  of  some  drop  size  distributions  are  shown  in 
Figure  16-20.  When  a  =  0  and  P  =  I.  Equation  (16.11) 
.'educes  to  the  simple  exponential  distribution  first  proposed 
by  Marshall  and  Palmer  [1948).  This  is  shown  in  the  solid 
line  of  Figure  16-20.  This  distribution  was  derived  from 
data  obtained  in  stratiform  ratp.  and  tends  to  overestimate 
the  nunriber  of  small  drops.  When  a  =  2  and  P  =  1.  the 
resulting  expression  is  an  approximation  to  the  log-normal 
distribution  proposed  by  Levin  [1954].  In  this  case,  there 
is  a  realistic  decline  in  the  number  of  drops  at  the  lower 
end  of  the  spectrum.  Setting  a  =  -  2  and  p  =  2  results 
in  a  gamma  distribution  first  derived  by  Best  (1950).  This 
distribution  holds  if.  as  some  measurements  indicate,  the 
liquid  water  content  per  drop  size  interval  follows  an  ex¬ 
ponential  distribution.  The  fourth  distribution  is  one  pro¬ 
posed  by  Litvinov  j  1956]  fivr  drizzle-type  rains,  setting  a  =  0 
and  fs  =  3/2.  Although  all  the  distributions  in  Figure 
16-20  have  been  extended  to  5-mm  diameter  drops  (the  usual 
maximum  drop  size  observed),  the  distribution  for  drizzle- 
type  rains  should  be  truncated  at  approximately  2-mm  di¬ 
ameter. 

The  total  liquid  water  content  M,  the  Rayleigh  radar 
reflectivity  factor  Z.  and  the  median  volume  diameter  D„ 
can  be  expressed  as  weighted  integrals  of  the  size  distri¬ 
bution.  The  weighting  factor  in  deriving  Z  is  D'’,  while  that 
for  deriving  M  is  ir/fi  pD'.  wher-  p  is  the  density  of  water 
in  g/cm'.  Assum.ing  an  exponential  distribution  (  a  -  0, 
P  =  I ).  and  integrating  between  D  =  0  and  D  =  *  (an 
approximation  sufficiently  accurate  for  most  purpxvses).  we 
obtain 


D„ 

=  3.67/  A 

(nim) 

(16.12) 

M 

=  It)  *  TTtpN.A")  tg/m') 

(16.13) 

Z 

=  .720  N,;,\’ 

(mm^/m'). 

(16.14) 

Other  parameters  (for  example,  the  median  power  di- 
ameterl  can  also  be  found  using  the  appropriate  weighting 
factor.  Such  integrations,  however,  become  cumbersome 
fordistributionsinwhichti  *  Oandp  *  I .  For  this  reason. 
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the  simple  exponential  distribution  is  often  used,  even  when  LIQUID  WATER  CONTENTtgm*  ) 

it  is  known  to  deviate  from  measured  size  distributions 


Numerous  empirical  relations  have  been  proposed  CX-'  Rguff  Liquid  water  content  OI  precipitation  vs  .-ainfall  rate, 

pressing  radar  reflectivity  as  a  function  of  rainfall  rate  or 
liquid  water  content,  m  rainfall  rate  as  a  function  of  liquid 

water  content  The  relations  differ  significantly,  according  ~  (~  AD)  ( 

to  the  ocation  and  type  of  precipitation.  Figures  16-21,  where  N  =  3.8  X  10' R  ‘”*’(m' ’mm  ')  (16.16) 

16-22.  and  16-23  summarize  the  results  of  measurements 

from  several  observers.  The  shaded  area  of  Figure  16-21  A  =  2.55R  (.nm"').  (16.17) 

encompasses  the  range  of  incasured  relations  between  radar 

reflectivity  and  rainfall  rates,  and  illustrates  the  variability  where  R  is  precipitation  rate  in  milliioeters  of  water  per 

that  can  be  encountered.  Figure  l6-i2  expre.sses  the  same  hour.  For  snowflakes,  the  diameter  D  refers  to  the  melted 

data  in  terms  ofradarrettectivity  versus  liquid  wafer  content.  spherical  diameter  of  the  snowflake. 

If  rainfall  rate  is  the  measured  quantity.  Figure  16-23  can  Recent  measurements  |Lo  and  Passarelli.  1982)  of  the 

be  used  to  find  the  expected  range  of  liquid  water  content.  evolution  of  snow  size  spectra  with  decreasing  altitude  dem¬ 
onstrate  the  existence  of  three  growth  regimes.  At  the  top 
16.2.5.2  Snowflakes.  Gunn  and  Marshall  (I958|  found  of  the  snow  region,  growth  is  by  deposition  only.  The  size 

that  an  exponential  law  similar  to  that  shown  by  the  solid  distribution  is  typified  by  curve  I  in  Figure  16-24.  Pro¬ 
line  of  Figure  16-20  was  applicable  to  the  size  distribution  gressihg  down  through  the  atmosphere,  N„  increa.ses  while 

of  aggregate  snowflakes.  The  spectral  parameters  in  snow  \  remains  constant.  Then  aggregation  begins,  and  there  is 
are  related  to  the  precipitation  rate  by  a  rapid  decrease  in  both  No  and  A.  Curve  2  of  Figure 
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16-24  illustrates  a  typical  .spectrum  during  this  phase.  Fi¬ 
nally,  breakup  counteracts  the  effects  of  both  deposition  and 
aggregation,  and  the  distribution  remains  constant,  with  a 
slope  and  intercept  typical  of  curve  3  in  Figure  16-24.  The 
minimum  value  of  .\  observed  in  the  atmosphere  is  ap¬ 
proximately  10  cm  '. 

16.2.5.3  Distribution  of  Precipitation  Elements  with 
Height.  The  vertical  distribution  of  precipitation  param¬ 
eters  c.'’i  be  inferred  from  the  vertical  dis'.nbution  of  radar 
reflectiviiy,  using  the  appropriate  conversions.  \\'hen  the 
precipitatkm  particles  are  ice  crystals  or  snowflakes,  it  is 
necessary  to  determine  the  type  of  particle  and  general  size 
regime  before  choosing  the  equation  to  convert  the  particle 
size  or  mass  io  the  equivalent  diameter  or  mass  of  a  liquid 
drop.  Table  16-22  shows  factors  for  convei  ting  from  a  phys¬ 
ical  length,  L.  of  the  solid  particle  to  an  equivalent  spherical 
diameter.  D.  A  power  relation  of  the  form  D  =  a  L**  has 
been  assumed,  and  a  and  b  are  listed  for  general  particle 
types 

The  maximum  size  of  hydrometeors  is  related  to  the 
slope  of  the  distribution  by  the  empirical  relation 

D,„.\  =  C  .  (16.18) 

where  D,„  is  the  maximum  equivalent  diameter.  Ais  the 
slope  of  the  exponential  distribution,  and  C  is  a  constant 
dependent  on  the  type  of  hvdrometeor.  Using  data  collected 
over  seven  !  years.  AFGL  scientists  have  found  that  average 
values  of  C  range  from  12  for  ice  Ci7stals  to  10.5  and  9  for 
small  and  large  snow,  respectively,  and  7.5  in  rain. 

If  an  exponential  distribution  is  assumed,  the  particle 
size  distribution  of  hydrometeors  can  be  completely  de- 
scrilied  from  the  slope  of  the  distribution  (A),  the  intercept 
(N„).  and  the  total  number  of  drops  (N,).  which  depends 
upi>n  the  minimum  and  maximum  particle  size  assumed. 
The  size  is  dependent  upein  the  slope  of  ihc  distribution  as 
sheiwn  in  Equation  ( 16. 18). 

Table  16-23  gives  the  characteristics  eif  average  distri- 
bulions  for  various  hydrometcor  types.  In  each  case,  N,.  N,. 
and  A  arc  expressed  as  peiwer  functions  of  M.  the  total 
water  content  in  g/m  '.  The  units  of  A  are  I  mm  erf  N... 
ni  'mm  ';andofN,.m  '.  Expressions  connecting  other  sets 
of  parameters  may  be  obtained  from  this  table  and  manip¬ 
ulation  of  Equations  1 16. 12)  through  ( 16. 14).  or  integration 
of  Equation  ( 16.1 1 )  with  the  appropriate  weighting  factor. 
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Particle  type 

Size  range 

ii 

b 

Ice  crystals 

'-().2mm 

1)438 

1,000 

-■()  2mm 

().2.‘'6 

0.667 

.Small  snow 

<;()  .‘'mm 

0.370 

0  670 

l.aree  snow 

. : _ 

2'()..‘'nim 

0.4(H) 

0.782 
_ 1 

Height  variations  of  gross  parameters  suc;h  as  water  con¬ 
tent  or  radar  reflectivity  factor  are  functions  of  type  of  storm 
and  geographic  location.  However,  when  there  is  a  sufficient 
body  of  data  for  a  particular  region,  it  is  possible  to  define 
a  climatological  model.  Two  such  models  are  shown  in 
Figures  16-25  and  16  26.  Figure  16-25  shows  the  results 
for  stratiform  storms  at  Wallops  Island,  Virginia.  The  dotted 
line  m.  y  be  considered  an  average  vertical  profile  of  liqiud 
water  content  for  stratiform  storms  at  this  location,  and  the 
solid  lines  indicate  the  variability  of  the  data.  Figure  16-26 
shows  the  same  analysis  for  convective  storms  at  Wallops 
Island.  The  major  difference  between  these  two  figures  is 
the  high  water  content  between  2  and  4  km  in  convective 
storms.  This  storage  zone  aloft  is  characteristic  of  most 
convective  storm  situations,  regardless  of  location.  Strati¬ 
form  storms,  on  the  other  hand,  are  characterized  by  rela¬ 
tively  smix)th  vertical  profiles  of  liquid  water  conte:.:,  \.  '*h 
only  a  slight  bulge  at  the  melting  zone. 

16.2.5.4  Extreme  Values  of  Liquid  Water  Content. 

Mea.surements  of  the  maximum  concentration  of  liquid  water 
in  severe  convective  storms  have  not  been  made  on  a  sys¬ 
tematic  basis.  Isolated  reports  of  concentrations  as  high  as 
30  g,'m’  ISulakvcIidze  et  al..  1967)  and  even  44  g/m’  (Roys 
and  Kessler,  1966)  are  found  in  the  literature.  There  have 
been  occasions  when  investigators  have  suspected  the  oc¬ 
currence  of  abnormally  high  concentrations  but  lacked  the 


! 

lol- 


M  { q  m*) 

Figure  lh'25.  l.lquiU  water  eontenf  ii»  grams  per  cubic  meter  vs  altitudes 
in  kilometers  for  straiitied  storm  situations  tdotted  line  is 
the  mean  and  the  solid  lines  represent  plus  and  minus  I 
standard  deviation). 
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Table  16-23.  Distribution  parameters  as  a  function  of  hydrumeteor  type  and  of  total  mass.  M  (N,  is  the  total  number  of  particles  per  cubic  meic  N,,  and 
A  are  the  zero  intercept  and  slope  for  an  exponential  size  distribution). 


Hydrometeor 

Temp.  Range 

Min.  Diameter 

N. 

=  e  Mf 

.  No  = 

Mj 

A 

=  k  M** 

Sub  Types 

e 

f 

j 

k 

q 

Ice  Crystal 
<248  K 

■ 

^■1 

d  =  0.055  mm 

Tropical 

61522 

0.073 

514541 

-0.583 

Temperate 

98719 

0.303 

1104536 

-0.201 

Small  Snow 

258  to  243  K 
d  =  0.065  mm 

■m 

■■ 

Tropical 

403471 

5.968 

Temperate 

19727 

0.266 

109002 

4.295 

I-arge  Snow 

273  to  253  K 
d  -  0.065  mm 

' 

' 

Tropical 

Temperate 

4122 

-0.373 

J0839 

-1.089 

2.403 

-0.522 

Agg.  of  Plates 

6833 

0.384 

23966 

0.096 

2.930 

-0.226 

Agg.  of  Stellars 
&  Dendrites 

1649 

0.155 

3251 

-Q.202 

1.778 

-0.301 

Agg.  of  Columns 
&  Bullets 

14005 

0.455 

67147 

0.164 

3.791 

-0.209 

Rain 
>  273  K 
d  =  0. 1  mm 

Tropical 

Temperate 

4033 

0.443 

12619 

0.161 

2.471 

-0.210 

Widespread 

1934 

0.133 

4382 

0.018 

1.897 

Drizzle 

5850 

0.366 

21509 

0.017 

2.824 

Thunderstorm 

649.9 

0.310 

945.6 

0.017 

1.293 

-0.245 

equipment  for  measuring  them.  In  considering  many  a.spects 
of  the  storm,  Roys  and  Kessler  could  not  find  evidence 
which  indiciited  that  the  rrieastired  concenirntion  44  gfrn’ 
should  be  either  rejected  or  accepted.  Omitting  the  value  of 
44  g/m their  26  other  measurements  of  the  maximum  liquid 
content  in  Oklahoma  thunderstorms  fii  very  well  the 
distribution  illustrated  in  Figure  16-27.  According  to  this 
distribution,  the  probability  that  the  maximum  water  con¬ 
tent.  M.  in  an  Oklahoma  thunderstorm  will  exceed  a  given 
value.  X.  is 

P;.M  >  x;  =  exp  (  -  .x-764).  (16.19). 

where  .M  and  x  are  in  g^cm'. 


It  is  dangerous  to  extrap<ylate  from  such  a  small  sample. 
Nevertheless,  the  actual  occurrence  of  extreme  values  of 
wutcr  conesntrstions  probsbly  follows  (he  ^-■nen! 
shape  of  Figure  16-27  with  possible  modification  of  the 
constants  in  the  distribution  function.  Figure  16-27  indicates 
that  75%  of  Oklahoma  thunderstorms  have  maximum  liquid 
water  contents  exceeding  4. .3  g/m  ’.  and  that  liquid  water 
contents  m  excess  of  9.4  g/m-'  occur  in  only  25%  of  the 
storms.  Substitution  into  Equation  (16. 19)  shows  the  values 
of  30  g/m  '  or  higher  are  literally  “one  -n  a  million"  occur¬ 
rences  in  Oklahoma  thunderstorms,  and  the  wcurrence  of 
a  value  of  44  g/m'  has  a  probability  of  10  '7 

It  is  of  ii!ti'rest  to  compare  these  extreme  values  of  water 
content  to  the  water  content  corresponding  to  a  record 'rain- 
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Figure  16-26.  •  Liquid  water  content  in  grams  per  cubic  meter  vs  altitudes 
in  kilometers  for  convective-storm  situations  (dotted  line 
is  the  scan  and  the  solid  lines  represent  plus  and  minus  I 
standard  deviations). 

fall  rate.  Over  a  I -min  interval,  the  world  record  rainfall 
amount  is  3. 1  cm;  this  fell  at  Unionville,  Maryland,  in  1956 
[Riordan  1974|.  Assuming  a  Marshall-Palmer  distribution, 
this  rainfall  rate  corresponds  to  a  liquid  water  content  of 
approximately  55  g/r/<’.  Consequently,  extremely  large  val¬ 
ues  of  water  content  (for  example,  greater  than  30  g/m’) 
may  occur  on  rare  occasions  either  at  the  surface  or  aloft 
in  severe  thunderstorms. 


16.3  CLOUDS 

16.3.1  Surface  Observations 

Cloud  observations  taken  regularly  by  ground  observers 
at  weather  stations  throughout  the  world  primarily  contain 
the  following  information: 

(1)  Visual  estimate  of  total  amount  of  sky  covered  by 
clouds, 

(2)  Cloud  ceiling,  which  is  the  estimated  or  measured 
height  tbove  ground  of  the  lowest  layer  of  clouds  that  cover 
more  than  half  of  the  sky. 


Figure  16-27.  Probability  of  maximum  liquid  watei  content  within  Okla¬ 
homa  thunderstorms. 

Secondarily,  visual  estimates  of  amount  and  height  of 
bases  of  individual  cloud  types  and  layers  are  reported.  But 
because  low  clouds  obscure  higher  clouds,  it  is  often  im¬ 
possible  to  obtain  accurate  information  on  the  distribution 
of  clouds  at  the  higher  levels.  Studies  of  the  accuracy  of 
visual  cloud  observations  show  that  the  greatest  errors  occur 
in  estimating  cloud  amounts  when  the  sky  is  3/10  to  7/10 
covered.  These  errors  however,  tend  to  average  out  over 
long  periods.  The  average  error  in  visual  estimations  of 
cloud  heights  ranges  from  300  m  for  clouds  at  750  m,  to 
15(X)  m  for  clouds  with  bases  near  7  km.  At  many  points, 
however,  particularly  at  airport  stations,  ceiling  heights  can 
be  measured  with  a  higher  degree  of  accuracy  with  ceilo- 
meters,  clinometers,  or  balloons. 

Observed  values  for  a  particular  time  give  amount  of 
sky  covered  but  not  the  cloud  distribution.  For  example,  if 
5/10  cloud  cover  is  reported,  one  large  cloud  formation  may 
cover  half  of  the  sky  or  .small  individual  cloud  cells  may 
be  equally  distributed  over  he  sky.  There  is  no  direct  way 
to  obtain  the  geometry  of  c'ouds  in  the  sky  from  the  reported 
standard  observations. 

There  can  be  considerable  variation  in  the  frequency  of 
occurrence  of  given  cloud  amounts  and  ceiling  heights  be¬ 
tween  stations  located  witbiii  several  kilometers  of  each 
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other.  Because  local  topographical  effects  are  the  primary 
cause  of  such  variations,  caution  must  be  used  in  applying 
climatological  data  on  clouds  of  one  or  more  stations  to 
an  entire  region,  particulaily  in  mountainous  and  coastal 
regions. 

16.3.1.1  Summaries  of  Surface  Observations.  Tabu¬ 
lations  of  surface  cloud  observations  are  available  for  sta¬ 
tions  in  most  areas  of  the  world.  A  Guide  to  Standard 
Weather  Summaries  and  Climatic  Services  [NOC,  19801 
has  been  prepared  by  the  Naval  Oceanography  Command 
in  Asheville,  North  Carolina,  which  lists  some  23  types  of 
cloud  summaries.  The  station  list  includes  locations  in  var¬ 
ious  countries,  continents,  islands,  and  oceans.  There  are 
close  to  10  000  weathei  stations  around  the  world,  although 
not  all  of  them  provide  routine  observations  of  clouds.  Among 
the  better  summaries  of  cloud  information  are  those  prepared 
by  the  United  States  Air  Force  Environmental  and  Technical 
Applications  Center  (USAF/FTAC)  as  Revised  Uniform 
Summaries  of  Surface  Weather  Observations  (RUSSWO). 
Similar  summaries  are  issued  by  the  Naval  Weather  Service 
as  Summary  of  Meteorological  Obsen  itions.  Surface 
(SMOS)  and  Sumtr.ary  of  Synoptic  Meteorological  Obser¬ 
vations  (SSMO). 

Table'  16-24  is  a  sample  of  the  frequencies  (in  tenths) 
of  sky  cover,  from  clear  (0/ 1 0)  to  overcast  ( 10/ 1 0)  at  a  single 
station  (Bedford,  Mass.)  in  a  single  month  (January)  for 
eight  3-h  periods  of  the  day.  It  also  shows  the  average  sky 
cover,  but  does  not  subdivide  the  cloud  covt.-  by  height  of 
clouds.  Table  16-24  also  shows  the  frequencies  for  the  mid¬ 
season  months  for  all  hours  combined. 


'irbli:  16-24.  Sample  percent  frequencies  of  sky  cover,  by  tenths, 
(example  is  for  Bedford.  Mass). 
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In  the  RUSSWO,  as  in  many  summaries,  the  frequencies 
are  given  for  ceiling  heights  jointly  with  the  visibility  in 
matrix  form.  Table  16-25  is  a  sample  of  ceiling  height 
information  as  gleaned  from  eight  such  matrices  for  Bed¬ 
ford,  Mass.,  one  for  each  3-hour  period.  Table  16-25  also 
shows  the  cumulative  percent  frequencies  of  ceilings  for  the 
mid-season  months  for  all  hours  combined. 


Table  16-25.  Sample  percent  frequencies  of  ceiling  heiphis  equal,  lO  or  higher  than,  including  ceiling  unlimited  (example  is  for  Bedford.  Mass). 
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16  3.1.2  Global  Sky  Cover.  While  there  are  numerous 
tabulations  of  sky  cover  compiled  from  surface  observa¬ 
tions,  there  are  relatively  few  maps.  One  of  the  sources  for 
these  maps  is  the  chapter  “Climatology"  by  Landsberg  (1945) 
in  the  Handbobk  of  Meteorology.  The  chapter  has  six  world 
maps  of  sky  cover,  one  for  every  other  month  beginning 
with  January.  Figures  16-28  and  16-29  show  average  clou¬ 
diness  for  1 200-1400  LST  in  January  and  July,  respectively, 
based  on  Landsberg's  charts;  subsequently  published  tables 
of  the  National  Intelligence  Survey,  RUSSWO,  SMOS  and 
SSMO:  and  data  collected  at  the  Woods  Hole  Oceanographic 
Institute  for  the  Atlantic  and  Indian  oceans. 

Mean  sky  cover  is  significantly  correlated  with  the  fre 
quency  of  clear  and  of  overcast  conditions.  Table  16-26 
presents  a  sample  of  RUSSWO  information  for  some  U.S. 
stations;,  it  contains  the  percent  frequencies,  of  sky  cover, 
from  clear  to  overcast  in  January  at  noontime.  Among  these 
stations  the  mean  sky  cover  ranges  from  4.7  to  8.4  tenths. 
For  low  mean  sky  cover  the  frequency  of  clear  skies  is  high 
and  the  frequency  of  overcast  low.  The  opposite  is  true  frr 
a  high  mean  sky  cover.  In  extra- tropical  regions  the  inci¬ 
dence  of  l/IO  to  7/10  sky  cover  remains  generally  low. 
However,  the  U-shaped  distribjtion  is  less  marked  in  the 
summer  months  (Table  16-24).  In  tropical  and  sub-tropical 
regions  partial  sky  cover  also  is  more  frequent  at  the  expense 
of  clear  and  overcast.  This  is  evident  from  the  frequencies 
for  Key  West.  Rorida,  and  is  particularly  well  illustrated 
by  the  data  from  Diego  Garcia  in  the  Indian  Ocean  at  latitude 
south  (Table  16-26). 


16.3.1.3  Modeling  of  r'^'ud  Distributions.  In  the  fol¬ 
lowing  presentations  a  distinction  is  made  between  the  terms 
cloud  cover  and  sky  cover.  Sky  cover  is  an  observer’s  view 
of  cover  of  the  sky  dome,  whereas  cloud  cover  can  be  used 
to  describe  areas  that  are  smaller  than  the  floor  space  of  the 
sky  dome,  or  larger.  ■  • 

Cldud  Cover  Models.  There  have  been  several  alter¬ 
native  mathematical  formulas  propiosed  for  the  probability 
distribution  of  sky  cover.  Each  uses  the,  variable  (x)  tanging 
from  zero,  for  clear,  to  1 .0  for  overcast.  Each  model  is 
claimed  to  have  versatile  statistical  characteristics  to  sim¬ 
ulate  U-shaped  curves  of  sky  cover.  That  is,  large  frequen¬ 
cies  of  clear  and/or  overcast  skies,  with  small  likelihoods 
of  partial  covpr,  can  be  fitted;  yet  the  models  also  will  fit 
the  bell-shaped  distributions  in  which  the  sky  cover  is  mostly 
scattered  to  broken. 

Alternative  1:  The  Beta  distribution  is  an  early  cloud 
model  (Falls,  1973]  whose  density  function  is  given  by 


Ha 


—  x*-'(l  - 


r(a)  r(b) 

0  «  X  «  1,  a,b  >  0  . 


X)' 


(16.20) 


Falls  gives  pairs  of  values  of  the  two  parameters  in  some 
29  regional  types  that  cover  the  world,  for  the  four  mid- 
season  months,  for  two  times  of  the  day. 

Alternative  2:  More  recently,  Somerville  and  Bean  (1979) 
have  used  a  model  called  the  S-distribution  in  which  the 
cumulative  probability  F(x)  of  sky  cover  (x)  is  estimated  by 


Tible  16-26  Percent  frequencies  of  sky  cover,  by  tenths,  at  a  representative  sample  of  stations.  (For  uniformity,  the  cases  are  all  for  January  I2(X)  I.ST.) 
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F(x)  =  1  -  (1  -  x")"; 
0  «  X  «  1  ,  a.p  >  0  . 


(16.21) 
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Pairs  of  values  of  the  two  parameters  (a,  P)  have  been 
determined  to  make  the  distribution  F(x)  fit  the  data  in  the 
sky-cover  summaries:  they  have  been  published  for  some; 
23  stations  around  the  world,  for  each  of  eight  periods  of 
the  day  in  each  montii  of  the  year.  The  procedure  has  been 
to  use  10  climatic  cumulative  frequencies  F(x,)  of  sky  cover 
for  X,  =  0. 0.^(0. 1)0.95  A  first  guess  is  made  for  a,  and  p 
is  then  estimated  by  method  of  least  squares: 


2{fn  1 1  -  F(x.)|  •  fn|l 
^  2{fn(l  -  xr|j^ 


(16.22) 


After  the  pair  of  values  (a;  P)  are  entered  into  the  basic 
equation  to  obtain  the  estimates  F(x,),  the  sum  of  squares 
of  the  differences  between  F(x,)  and  F(x,)  is  obtained.  The 
best  values  for  the  parameters  (a.  P)  are  those  that  minimize 
the  sum  of  squares  of  errors.  These  were  determined  by 
trial  and  error,  such  that  the  nest  pair  of  values  for  the  sky 
cover  at  Bedford,  Mass. ,  in  January  at  mxrntime,  were  found 
to  be  a  =  0.1468.  P  =  0.1721,  Th  .se  estimates  are  dif¬ 
ferent  from  those  in  Table  16-24  by  rmse  =  0.01. 

In  the  above-mentioned  models,  strictly  speaking,  the 
probabilities  of  absolutely  clear  and  of  complete  overcast 
are  each  computed  to  be  zero:  hence  they  are  not  truly 
realistic.  The  difficulty  is  overcome,  in  practice,  by  stipu¬ 
lating  that  the  integration  for  clear  be  taken  from  zero  cover 
to  0.5  tenths,  for  overcast  from  9.5  tenths  to  10  tenths. 
There  is  another  difficulty,  however,  in  that  each  solution 
is  given  for  the  sky  dome  as  seen  by  a  ground  observer, 
considered  to  have  a  radius  of  28  km.  The  above  alternatives 
have  not  been  developed  to  give  cloud-cover  distribution 
for  varying  areal  coverage.  However,  simplicity  is  in  their 
favor,  especially  with  the  S-distribution,  which  is  readily 
programmed  on  a.  desk-top  computer. 

Alternative  J:  A  “Model  B"  for  linear  and  areal  coverage 
of  a  weather  element  has  been  descrii>ed  recently  (Grin 


gorten,  1979]  which,  like  the  above  models,  requires  two 
parameters  for  a  description  of  the  probability  distribution 
of  cloud  cover.  The  parameters  in  Model  B  have  physical 
meaning.  One  parameter  (P„)  is  the  mean  cloud  cover  as 
given  in  RUSSWO  and  other  climatic  summaries:  it  is  taken 
to  be  the  single-point  probability  of  a  cloud  intercept  when 
looking  up  from  the  ground.  The  .second  parameter  (r). 
Known  as  the  scale  distance,  is  the  distance  between  two 
stations  whose  correlation  coefficient  of  cloud  covers  is 
0.99.  At  Bedford,  Mass.,  it  varies  from  0.5  km  in  summer 
noontime  to  as  much  as  10  km  in  winter  midnight.  Re¬ 
grettably,  as  developed  so  far,  estimations  of  the  probability 
of  cloud  cover  by  this  model  must  be  made  by  use  of  II 
charts  as  published  (Gringorten,  1979].  It  does  not  yield 
estimates  succinctly  by  formula.  On  the  other  hand.  Model 
B  avoids  the  difficulties  of  the  previous  two  alternatives  by 
providing  finite  estimates  of  all-clear  and  full  overcast  for 
varying  area!  extent.  As  an  example.  Table  16-27  shows 
the  percent  probability  of  cloud  cover  at  Bedford,  Mass., 
January  noontime:  the  parameter  values  are  P„  =  0.66,  and 
r  =  2.6  km.  In  Table  16-27  the  cloud  cover  is  given,  not 
only  as  a  ground  observer  sees  it.  but  also  for  a  small  area 
of  100  km’  and  for  a  large  area  of  100  000  km^.  A  small 
area  is  likely  to  be  either  all-clear  (0/10)  or  overca.st  (10/10), 
but  a  large  area  is  nearly  always  partially  covered.  For  the 
ground  observer's  sky  cover,  the  estimates  differ  from  those 
in  Table  16-24  by  rmise  =  0.02. 

Ceiling  Model.  The  Burr  curse  provides  one  of  the  best 
models  for  ceiling  height  cumulative  distributions: 


F(h)  =!-{!+  (h/c)'}  " :  a.b.c  >  0.  (16.23) 


where  h  is  the  ceiling  height  and  a.b.c  are  parameters. 

At  the  University  of  Florida  {Bean  et  al..  1979]  sets  of 
values  for  a.  b.  and  c  have  been  determined  (for  each  of 
eight  periods  of  the  day  in  each  month  of  the  year  at  some 
23  stations  around  the  world)  to  make  the  estimated  distri¬ 
butions,  F(h),  fit  the  data  for  some  30  ceiling  heights  as 


Table  16-27.  An  example  of  model  estimalc^  of  percent  pnibahiliiiex  of  cloud  covr.  by  tenths,  depending  upon  size  of  the  area  (example  is  for  Bedford. 
Mass..  Januarv'  I2(X)  LST). 
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given  in  the  climatic  summaries.  In  this  piocedurc.  a  rounded 
figure  is  chosen  for  c.  such  as  300,  6(K).  or  3  000  m.  Trial 
estimates  for  a  and  b  are  then  made  to  minimize  the  sum 
of  squares  of  the  differences  between  the  mtxiel  estimates 
F(h)  and  the  cumulative  frequencies  Flh)  of  the  climatic 
summaries.  An  initial  trial  estimate  of  a  can  he  made  by  a 
linearization  of  the  Burr  curve  through  Taylor  expansion, 
resulting  in 

[n  s  «.y.  -  S »,  S  >.] 

a  =  ^ .  (I6.24> 

J^N  2  xr  -  (  S  X.*' j 

where  x,  =  <n(h,/c).  y,  =  fn  F(h,).  and  N  is  the  number 
of  ceiling  heights  for  which  the  climatic  tables  give  the 
frequencies  Fth,).  Corresponding  to  each  trial  estimate  of 


I-  {I  -  fn  {I  -I-  <h/c>'H 
2ifn(l  (h, /c)-F 


(16.251 


For  Bedford.  Mass.,  January  mHintime.  values  found  were 
a  =  1.1678.  b  =  0.1027  when  c  =  0.305  km.  giving  the 
estimates  of  probability  that  differed  from  those  in  Table 
16-25  for  l2(Xf-l4(X)  hours  by  rmse  =  0.01. 


16.3.2  Cloud  Cover  in  Layers  Aloft 

Nephanalysis.  concerning  the  type,  amount,  and  scatter 
of  clouds  both  in  the  horizontal  and  vertical  directions,  is 
important,  particularly  in  connection  with  line-of-sight  re¬ 
quirements.  For  example,  knowledge  of  the  probability  of 
cloud-free  lines-of-sight  iCFLOSt  from  one  level  of  the 
atmosphere  to  another  at  selected  angles  of  elevation,  can 
be  vital  to  electro-optica!  communication  systems.  Although 
there  is  now  a  -.i/able  btKiy  of  literature  on  this  subject,  the 
statistics  are  none  too  satisfactory.  Clouds  are  not  only  vol¬ 
atile  but  are  often  hidden  by  other  clouds,  so  that  an  analysis 
of  cloud  presence,  or  a  climatology  of  cloud  frequencies  as 
a  function  of  level  or  layer  above  the  ground  is  crude  and 
speculative,  especially  if  information  is  limited  to  the  ob¬ 
servations  from  the  ground.  An  observer  sees  the  "sky  dome" 
with  an  uncertain  radius,  assumed  to  be  27  km  in  the  fol¬ 
lowing  discussion  and  analysis. 

•A  valuable  study  on  the  frequency  of  rKCurrence  of 
clouds  in  the  vertical  w  as  based  on  observations  from  aircraft 
over  Germany  |deBary  and  Moller.  I'J631.  It  resulted  in 
estimates  of  the  av  erage  cloud  cover  as  a  function  of  altitude 
and  the  thickness  of  the  atmospheric  layer.  Recently  a  model 
has  been  dcvcli'pcd  that  yields  similar  estimates  of  cloud 
cover,  without  using  aiicraft  observations.  The  nwHlel  uses 
only  RUS.SWO  statistics  on  the  total  sky  cover  and  ceiling 
heights  IGringortcn.  ldX2|.  Figure  1 6- .^(1  illustrates  the  out- 
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AZERASE  CLOUD  COVER  (tenths) 

Fi|2ui\r  Ifr-.V).  .\vcTjgc  cliwd  cover  by  layers.  Devemhei.  1200-1400 
LST.  Gnssoro  AFB.  Indiana 

put  of  the  mixlel  in  December,  mxvntime  for  Grissom  AFB. 
Indiana.  The  abscissa  is  for  the  cloud  cover  from  0  t'-lear) 
to  1.0  (overcast).  The  ordinate  is  for  elevation  above  the 
ground,  from  0  (surface)  to  1C  km  aloft.  The  broken  curve 
is  drawn  for  the  mean  cloud  cover  at  levels,  and  the  solid 
curves  arc  drawn  for  the  mean  cloud  cover  in  layers.  The 
broken  curve  shows,  for  example’,  mean  cloud  coker  of  0. 1 
at  I  km.  0. 14  at  2  km.  0.07  at  5  km.  From  each  level  the 
solid  curve,  when  followed  to  a  higher  level,  gives  the 
average  cloud  cover  in  the  layer  between  the  two  levels. 
For  example,  in  the  layer  from  2  km  to  4  km.  the  cloud 
cover  averages  0.32.  from  2  km  to  8  km  it  averages  0.38. 
and  so  on. 

In  similar  manner,  the  distribution  of  cloud  cover  in 
layers  aloft  can  be  reconstructed  for  any  station  that  has 
RUS.SWO  or  similar  records.  Grissom  AFB.  Indiana,  was 
chosen  for  illustration  because  of  its  relatixely  high  average 
sky  cover.  With  a  lower  average,  a  station  should  have  lower 
frequencies  in  most  or  ali  of  its  layers  aloft. 

16.3.3  Satellite  and  Radar  Observations 

16.3.3.1  Satellites.  Weather  satellite  images  are  provid¬ 
ing  detailed  information  on  the  structure  and  distributioi.  of 
clouds  over  large  areas  of  the  earth.  Figure  lh-31  illustrates 
a  variety  of  cioud  and  fog  formations  over  Europe  and 
Northern  .Africa;  the  image  wav  obtained  from  one  of  the 
satellites  of  the  IX’fense  Meteorological  .Satellite  Program 
(DMSPi.  In  addition  to  images  in  the  visible  portion  of  the 
spectnim  us  shown  in  Figure  lb-31,  corresponding  images 
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in  the  thermal  infrared  are  available.  These  simultaneous 
images  or  brightness  fields  can  be  used  to  deduce  the  height 
of  the  cloud  tops.  From  the  accumulation  of  such  data,  a 
regional  and.  eventually,  a  global  cloud  climatology  will  be 
developed. 

16.3.3.2  Radar.  Because  of  the  electmmagnctic  scatter¬ 
ing  characteristics  of  water  drops  and  ice  particles,  detection 
of  non-precipitating  (less  than  200  pim  diameter),  hydro¬ 
meteors  in  clouds  is  effectively  limited  to  the  shorter  radar 
wavelengths  (less  than  a  few  cm).  For  example,  radars  op¬ 
erating  at  0.86-cm  wavelength  have  been  used  for  opera¬ 
tional  cloud  detection  and  continue  to  be  used  in  research 
for  deducing  physical  arid  dynamical  characteristics  of  clouds 
prior  to  the  development  of  precipitation.  Precipitation-sized 
particles  are  readily  detected  by  longer  wavelength  (3-10 
cm)  radars,  as  discussed  in  Section  16.2. -S.  Optica!  and 
infrared  wavelength  (O..*!  to  I.S  p.m)  radars,  or  lidars.  have 
also  been  used  to  observe  clouds;  theoretical  comparisons 
of  optical  and  microwave  cloud  detection  capabilities  have 
been  made  by  Derr  1 1‘)78|. 

Observations  by  tbe  vertically  pointing  TPQ-II  radar 
were  recorded  by  the  Air  Weather  Service  between  1%4 
.  nd  about  I97.S  at  43  liKations  around  the  world,  fhe  mul¬ 
tiple-layer  ceiling  observations  are  archived  at  the  National 
Climatic  Center.  Asheville.  N.C.  Two  of  these  radars,  ac¬ 
quired  by  tbe  NO.AA  Wave  Propagation  Labi>ratory  and  the 
University  of  Washington,  respectively,  have  been  iroHlified 
for  impno'ed  reliability  and  sensitivity  and  are  used  in  mult*- 
sensor  field  programs.  Karly  results  were  presented  by  Weiss 
et  al.  |I979|.  and  by  Pasqualucci  and  .Miiler  11981).  The 
Wave  Pn)pagation  Laboratory  subsequently  built  a  trans- 
pi'rtable  fully-scanning  cobereni  ().86-cm  radar  with  a  dual- 
polari/ation  receiver  which  was  first  used  in  the  spring  of 
1981 .  The  dual  p»>larizalion  capability  permits  derivation  of 
hydrometeor  microphysical  characteristics,  while  the  coh¬ 
erent  reccptiim  permits  measurement  of  Doppler  winds  in 
clouils.  There  is  increasing  interest  in  the  detection  of  clouds 
and  aerosols  by  0.3  cm  radar  ILhormitte.  1981 1. 


16.3.4  Clear  and  Cloud-Free  Lines-of-Sight 

To  determine  the  utility  of  varit'  -s  communications,  sur¬ 
veillance.  and  weapons  systems,  the  pntbability  of  cIcar-'cltHtd- 
free  lines-of-sight  (Cl.OS  CFLOSi  must  be  known  for  the 
geographical  areas  and  climatic  retimes  in  which  these  sys¬ 
tems  must  operate.  iCl.OS  is  detinec  as  LOS  not  obscured 
by  either  ha/e  or  clouds i.  Since  C'LOS  and  CFLOS  are 
neither  direuly  obscned  nor  measured  on  a  routine  basis, 
various  methods  have  been  develojted  to  estimate  their  fre¬ 
quency  of  iKcnrrence  St>me  of  tlicse  n'Cth-nls  are  described 
in  this  section  and  examples  v»f  dan.  analy  ses,  and  re  ulls 
arc  provided  on  the  frequency  ot  occurrence  of  CLOS  and 
CFLOS. 


16.3.4.1  Aircraft  Observations.  In  a  test  program.  Ber- 
toni  1 1967]  determined  that  realistic  estimates  of  the  prob¬ 
ability  of  clear  and  cloud-free  lines-of-sight  could  be  derived 
from  a  large  sampling  of  aircraft  in-flight  observations.  This 
resulted  in  a  major  effort  in  which  observations  were  made 
from  aircraft,  at  various  angles  to  the  sky  (  +  30°  and  -i-  60°). 
the  horizon  (0°).  and  the  earth's  surface  (  -  30°  and  -  60°). 
Observations  were  acquired  over  most  of  the  northern  hemi¬ 
sphere  dunng  all  months,  but  were  limited  to  the  daylight 
hours.  (Nighttime  observations  tended  to  overestimate  clear 
conditions). 

Figure  16-32  is  an  example  of  the  analyses  shown  in 
the  resulting  report  (Bertoni.  1977a. b).  The  large  numbers 
in  the  figure  are  percent  probabilities  of  CFLOS;  the  smaller 
numbers,  in  parentheses,  indicate  the  total  number  of  ob¬ 
servations  taken  within  each  of  the  10°  latitude-longitude 
sccuws.  Figure  16-33  is  similar  to  Figure  16-32  in  that  it 
shows  probabilities  of  CLOS  v  hich  are  generally  smaller 
than  probabilities  of  CFLOS.  This  is  illustrated  more  dra¬ 
matically  in  Figure  16-34  in  which  frequencies  of  CLOS 
and  CFLOS  are  compared  for  an  area  around  Columbia. 
Mo.  about  1000  km’.  Values  for  CLOS  are  reduced  by  some 
20')f  to  30^,( .  due  mostly  to  haze.  Figure  16-34  also  confirms 
that  the  probabilities  of  CLOS  and  CFLOS  depend  on  the 
angle  of  ihe  line-of-sight  as  well  as  the  percent  of  sky  cover. 
CLOS  .‘ind  CFLOS  probabilities  increase  as  the  lines-of- 
sight  approach  the  vertical. 

1^.3.4.2  Surface  Observations.  Whole-sky  photographs 
at  Columbia.  Missouri  and  conventional  National  Weather 
Service  observations  of  sky  cover  were  used  by  Lund  and 
Shanklin  11973)  to  develop  a  universal  model  for  estimating 
probabilities  of  CFLOS  through  t.be  entire  atmosphere,  liar- 
Her  CFLOS  studies  based  on  these  same  observations  are 
described  by  Pochop  and  Shanklin  11966).  Bundy  |l%9). 
Shanklin  and  Landwehr  |I97I).  and  Lund  and  Shanklin 
11972). 

Probabilities  of  CFLOS  based  on  the  Lund  and  Shanklin 
nMxJel  can  be  estimated  through  the  use  of  the  following 
formula; 

„f,=,.C,K,.  (16.26) 

where  ,.P,  is  a  column  vector  of  o  rows  for  each  angle 
considered:  ,.C.  is  a  matrix  for  o  row\  and  s  columns,  one 
row  for  each  elevation  angle,  one  column  for  each  sky  cover 
category;  and  .K,  is  a  coi^*-  -!  vector  of  s  rows  The  P  values 
are  estimates  of  probabilities  of  CFLOS  through  the  at¬ 
mosphere.  the  C  values  are  probabilities  of  CFLOS  at  angles 
a  given  k  tenths  of  sky  cover  and  the  K  values  are  proba¬ 
bilities  of  each  k  tenths  of  sky  cover.  The  „C,  matrix  is 
contained  in  Table  16-28. 

Using  the  historical  records  for  Columbia.  Missouri  as 

an  esaniple.  the  following  probabilities  ofO/IO.  I/IO . 

9'1(;.  lO'IOsky  cover  at  Columbia, ;ireO.I«7.().()4t.(l  ()47. 
O.fMq.  ('.(C7,  0  0^1.  a.IU.S.  O.IW.^.  oo.'i.s.  OOb.X.  0  .V,2. 
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Fi|uic  lfr-32.  Es<imal«  of  die  pn]^at>llily  of  <  cloud-fftc  line-of-sight  Id  die  gro'ind  el  30*  below  die  hoeizon  (  -30*1  from  ahitudei  berween  7.6  md 
10.6  km  in  wmmer 


Then  li..:  nuiirix  multiplication  indicated  in  Equation  (16.261 
yields 


Elevation  Angle 
(deg) 

Probability 

90 

0.509 

80 

0  506 

70 

0..504 

60 

0  500 

50 

0  496 

40 

0.483 

.JO 

0  463 

20 

0437 

10 

0.392 

Consequently,  there  is  an  estimated  50.9*5^  probability  of  a 
CFLOS  at  Columbia  looking  toward  the  zenith  (90°).  and 
a  -Wf  and  46.3%  probability  of  a  CFLOS  at  60°  and  30° 
elevation  angles,  respectively.  (See  Section  16.3  4.3  for 
discussion  of  a  correction  to  a  suspected  bias  toward  higher 
CFLOS  probabilities  produced  by  the  Lund-Shanklin  nxxlel  ) 
Using  this  model,  atlases  of  CFLOS  pnibabilities  have 
been  compiled  for  :viany  parts  of  Eunipe,  Asia  and  Africa, 
as  well  as  for  the  U.S.  and  the  USSR  (Lund  ci  al..  I97.S, 
1976.  1977.  1978.  and  1979).  A  sample  page  fnim  the  atlas 
for  the  United  States  of  America  (Lund  et  al  .  1977)  is 
shown  in  Figure  16-35.  This  shows  the  probability  of  having 
a  CFLOS  in  July  at  1200  to  1400  LST  at  a  30°  elevation 
ang'-.  This  atlas  is  based  on  at  lea'.t  a  1 5-yr  peritxl  of  record 
for  the  majority  of  U.S.  stations  shown  bv  the  dots  in  Figure 
16-35 
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Fifurc  16-33  Emiiiuio  <>f  rtir  pnibability  uf  a  ckar  line-<>f'>tglM  to  the  frounJ  at  3«°  bckiw  the  hoti/on  I  -  30°)  fnitn  ahiludn  betwren  7  6  and  10  6  km 


TaWc  16- 2S  Pnibabf'itu*^  ol  i’FLOS  js  a  turK'tHm  (d  ck'aiMm  angle  and  ti|>>ervcd  T»*lal  Sk\  Ci*veT  |l.und  and  Shanklin.  1*1731 
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Figure  I6-.VI  Relative  ficqueiK'iev  of  elear  <ir  ckud-frec  linev-irf-vighi 
oJvverved  in  the  area  heiwccn  U'  to  4J'N  and  HH’  to  OTW 
IV  1'  funcliop  of  altitude  (The  number  of  ohvcrvationv  u 
shown  in  parenthevev  on  the  nght  hand  margin  ) 


Rapp.  Schutz,  and  Rodriqucs  1 1973|  extended  the  Lund- 
ShaiiVlin  CFLOS  nnidel  to  include  finding  the  probability 
of  a  CFLOS  between  the  earth  and  any  given  altitude  in  the 
atmosphere.  They  accomplished  this  by  using  3-h  synoptic 
reports  of  clouds  in  addition  to  total  sky  cover. 

16.3.4  J  Comparison  of  Estfenstes  Between  Afarralt  and 
the  CFLOS  Model  Based  on  Surface  Observations. 

CFLOS  probabilities  computed  from  sky-cover  observations 
taken  at  6  stations  (Columbia.  Mo. .  Atlanta.  Ga  .  Fort  Worth. 
Tx..  North  Platte.  Neb..  Alburquerque.  N.M..  and  Ely. 
Nev.)  have  been  compared  with  CFLOS  pj.Tfc.'bMities  based 
ctr  observations  taker  from  aircraft  by  Luin!  aivi  Bertoni 
|I9|W)|. 

CFLOS  pnvbabilities  were  computed  ai  selected  altitudes 
for  each  of  the  6  stations,  each  midseavx'  .  Kvnth.  and  each 
depression  angle.  The  probabilities  for  the  four  midseason 
nHvnihs  were  averaged  and  plotted,  and  were  usually  higher 
than  those  based  »>n  inflight  observations.  Figures  I6-.V>  and 
16-37  show  the  nuxlel  and  inflight  CFLOS  probabilities  for 


1 


Figure  CMOS  hn  Jul\.  I41il  1ST.  elevation 
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Figure  16-.%  Si>-<UalKin  average  pnibahililiev  of  a  cloud-free  tine-of- 
sighi  determined  from  aircraft  utnerv  aiiimvlX'sl.  from  the 
CFLOS  model  l•'v|.  and  from  the  model  corrected  for  bias 
(o's)  at  a  depression  angle  o.  .VT. 


depression  angles  .W  and  60°.  respectively.  The  difference* 
suggest  that  the  Lund-Shanklin  nKxiel  CFLOS  probabilities 
are  biased  toward  higher  values.  This  apparent  bias  can  be 
essentially  eliminated  b>  a  linear  reduction  of  the  ntodel 
estimates  as  follows: 

P'  =  (0.99  -  0  OOd.SalP  ;  0  «  a  «  45.  (16.27) 


estimates  as  well  as  the  model  and  inflight  CFLOS  proba¬ 
bilities. 

16.3.4.4  Cload-Free  Ficlds^f-View.  An  instantaneous 
CFLOS  is  often  nut  sufficient  for  acquiring  and  tracking  a 
target,  cr  for  estimating  the  probability  of  detecting  a  target 
when  there  is  an  opportunity  to  search  for  favorable  cloud 
conditions.  Therefore,  probability  distributions  of  cloud- 
free  areas  of  fields-of-view  (FOV)  are  needed.  Grantham  et 
al.  [1979)  and  Lund  et  al.  (I980|  completed  studies  for 
estimating  the  probability  of  cloud-free  flclds-of-view 
(CFFOV)  between  earth  and  an  airborne  or  space  platform. 
Using  whole-sky  photographs  taken  at  Columbia.  Mo. .  the 
average  cloud-free  fraction  of  exh  of  185  annular  sectors 
(see  Figure  16-38]  was  computed,  plotted,  and  analyzed  to 
dderminc  how  it  varied  with  position  on  the  photograph. 
Figure  16-38  depicts  the  average  cloud-free  fraction  of  each 
sector  when  2/10  total  cloudiness  was  observed.  Clearly, 
the  averagr  cloud-free  fraction  decreases  from  the  center  of 
the  picture,  which  corresponds  to  directly  overhead,  to  low 
elevation  angles  of  the  edges  of  the  picture.  The  maxima 
(highs)  are  not  exactly  centered  at  the  zenith  (the  center  of 
the  picture)  as  one  would  expect.  Ibe  failure  of  the  isolines 
to  be  symmetric  about  the  center  of  this  figure  is  due  in  part 
to  sampling  variability.  However,  other  studies  of  the,  pho¬ 
tographs  have  suggested  that  sun  angle  or  local  effects, 
perhaps  from  the  city  of  Columbia,  may  also  contribute  to 
the  lack  of  symmetry. 

Circular  fields-of-view  centered  at  a  ground  observers 
zenith  were  investigated.  Figure  16-39  shows  circles  with 


where  “a"  is  the  altitude  in  kilometers  and  P  is  the  model 
estimate.  Figures  16- .36  and  lb- .37  show  the  corrected  CFLGS 
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Figure  Sin  vinrion  average  pnihahililiev  of  a  cloud-free  line-of- 

sighi  dcfermined  from  aircraft  obscr%atM»rv  (X'sl.  fiwr  ihe  Figure  16-38  Average  fractum  of  each  annular  sccKir  that  was- cloud-free 

CFLOS  iTKxJel  (•'%),  and  fnim  the  model  ci»rrec!ed  fi'T  bias  on  the  131  photographs  when  2/IO  sky  cKxtd  cover  wv. 

at  a  depression  angle  of  6(T  observed 
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Fifiufc  16- .W  Circula.  ficld\-<>f-vtew  *iih  auifiulir  diamcten  of  l(f ,  Vf . 

9(f.  IW.  and  170“  centered  at  the  ground  'tbserver’s 
zenith 


angular  diameters,  centered  at  the  observer's  zenith,  of  10°. 
.S0°,  ‘XV.  130°.  and  170°.  Because  the  probability  distri¬ 
butions  arc  functions  of  the  sky  cover,  they  were  stratified 
on  that  basis 

Figure  16-40  depicts  cumulative  frequency  distributions 
of  the  fraction  of  the  area  that  is  cloud  free  in  the  10°  circle 
as  a  function  of  the  observed  sky  cover.  The  points  i>n  the 
figure  were  obtained  from  the  data  and  the  curves  were 
subjectively  drawn  thrv..-gh  the  points.  This  figure  shows, 
for  example,  that  if  one  wants  to  be  SO'T  sure  that  at  least 
0,5  of  the  10°  FOV  is  cloud  free,  operation  can  be  allowed 
only  when  0/10.  |/I0.  2/10.  3/10.  or  4'I0  sky  cover  is 
observed.  If  he  relaxes  his  requirements  to  a  50*^  probability 
that  at  leas'  0,2  of  the  10°  FOV  is  cloud  free,  he  can  ad¬ 
ditionally  operate  when  “i/IO  or  6'TO  sky  cover  is  observed. 

Figure  16-41  shows  how  the  cloud-free  fraction  varies 
for  five  ficlds-of-vicw  ( 10°.  50°.  90°.  i.'tT  and  170°)  when 
the  weather  observer  reports  5/10  sk,,  cover.  Let  us  assume 
that  at  least  0,2  of  a  FOV  must  be  cloud  free.  The  curve 
labeled  10°  shows  there  is  a  73'''f  chance  that  at  least  0.2 
of  the  FOV  is  cloud  free.  The  curve  labeled  90°  shows  a 
94‘'f  chance,  and  the  cune  labeled  170°  shows  a  lOOr} 
chance  that  at  least  0  2  of  the  170°  FOV  w  ill  be  clear  when 
the  observer  reports  5'10  sky  cover.  If.  however,  the  re¬ 
quirement  is  that  at  least  0  8  of  the  area  must  K'  cloud  free, 
the  probability  w  ill  be  near  zero  for  the  large  PO"  FOV  and 
w'lt  increase  to  44'/  for  the  small  10'  FOV. 

Lund  ct  al  ( |980|  modified  the  l,und-Shanklin  CFLO.S 
nwxiel  described  in  .Section  16.3  4.2  to  estimate  climatic 


X(a0UD-FREE  FRACTION) 

ftgurv  16-40  Pn»hahiliiv  ihji  4  Iff’  FOV’  4I  /eni»h  v^ill  have  a  clood-frce 
frjilHm  5PX  (curves  tor  cjch  icnth  of  sky  cover  vt/erc  sub¬ 
jectively  drawn  to  the  dat4  points) 

probabilities  of  CFFOV  from  climatic  probabilities  of  the 
tenths  of  cloudiness.  Figure  16-42  shows  a  comparison  of 
the  probability  of  a  CFLOS  as  a  function  of  elevation  angle 
when  two-tenths  sky  cover  is  reported,  with  corresponding 
CFFOV  prohabilities  when  the  FOV  is  10°  and  20°.  The 
figure  shows  gtxxl  agreemciit  between  CFLOS  prohabilities 
and  FOV  probabilities  for  cloud-free  fractions  =^0  5  and 
&0.75.  However,  there  is  only  a  6 IT  chance  that  a  10° 
FOV  centered  at  a  .30°  elevation  angle  will  be  totally  cloud 
free,  and  only  a  48T  chance  for  a  20°  FOV  to  be  totally 
cloud  free  These  differences  between  the  CFLOS  and  CFTOV 
rmxlcl  probabilities  arc  larger  than  expected.  Therefore,  users 
of  the  CFFOV  model  and  the  CFLOS  minJcl  should  un¬ 
derstand  that  the  mixlcls  yield  probability  estimates  which 
are  believed  to  be  gixxl  first  approximations  Belter  ap¬ 
proximations  await  higher  quality  whole-sky  photographs 
or  more  precise  observing  iechniques. 
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Fipun;  Ih-41  Thi-  prohahdily  IhjI  a  HI'.  .SCI’.  >J(r,  I.IC”.  and  I7(r  KOV 
;ii  /cnilh  \mII  huso  a  cKhkJ  tree  tniciKKi  --x  vihen  the  weather 
observer  a'pt»rts  5/10  sky  cover. 


16.3.4.5  Joint  Probabilities  of  CKLO.S.  Lund  |I973| 
extended  the  Lund-Shanklin  |l‘i7.1|  CFLOS  model  de- 
stribed  in  Section  16. .^.4, 2  to  address  the  problem  of  es¬ 
timating  Joint  probabilities  of  cloud-free  lines-of-slght  from 
more  than  one  observine  sijiht.  This  mtKlel  requires  a  cli¬ 
matic  .a’cord  of  sky  cover  ohsers  ations  taken  simultaneously 
fn>m  all  sites. 

Table  16-2*7  gives  estimated  CFLOS  probabilities  for 
Minot.  N.D.,  PiCm);  three-way  Joint  probabilities  of  CFLOS 
for  Grand  Forks.  Minot,  and  Fargo.  PtC,-,  Cm  Cf);  and, 
^ree-way  Joint  probability  Lir  none  of  the  three  sites,  P(C,; 
Cm  C,  1.  The  probabilities  apply  to  August,  the  month  when 
the  highest  CFLOS  probabilities  occur,  and  the  elevation 
angle  is  40'.  Table  I6-.W  is  the  same  as  Table  16-29  except 
that  probabilities  apply  to  November,  the  month  when  the 
lowest  CFLOS  probabilities  occur. 


Figure  16-42.  The  probability  of  a  CFLOS  as  a  function  of  elevation 
angle  when  2/10  sky  cover  is  reported  (heavy  curve),  and 
corresponding  CFFOV  probabilities  when  the  FOV  is  10° 
(yjlid  lines)  and  20°  (dashed  lines.). 

16.3.5  Water  Content  of  Clouds 

Moisture  in  clouds  can  exist  as  a  vapor,  liquid,  or  solid. 
Some  water  vapor  is  always  present  in  the  atmosphere.  The 
amount  of  water  vapor  a  parcel  of  air  can  hold  is  a  function 
of  the  temperature  [Haurwitz.  1941),  Under  conditions  whete 
the  atmosphere  becomes  saturated  the  water  vapor  conden¬ 
ses  and  forms  clouds. 

Knowledge  of  the  amounts  of  liquid  water  and  ice  con¬ 
tained  within  clouds  is  important  to  aviation  due  to  its  direct 
and  indirect  effects.  The  quantity  “liquid  water  content”  is 
the  concentration,  expressed  in  mass  per  unit  volume,  pre¬ 
cipitation.  Although  many  methods  of  determining  liquid 
water  content  have  been  used,  none  are  completely  satis¬ 
factory. 

T»ble  16-29.  Hsilmalcd  .S-way  joint  prubabil''ies  of  CFLOS  at  40°  ele¬ 
vation  angle  for  August  at  Minot  P(Cm);  Ora-Kl  Forks.  Minot, 
and  Fargo.  P(C<i  Cm  Cr);  none  of  the  three  sites,  P(Co  Cm 
C,l. 
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Table  16-30.  Sanw  as  Table  16- except  the  prohabtlitics  apply  to  No¬ 
vember.  the  niimth  when  the  lowest  CKLOS  probahiliiics 
iKvur. 


P(Cm) 

P(C(;  Cm  Ch) 

P(Cm  Cm  C»  ) 

Hour 

0  3  6  9  12  15  18  21 

0..50 

0.49 

0..50 

0..36 

0..38 

0..39 

0.40 

0.49 

0.23 

0.22 

0.20 

0,14 

0.13 

0  14 

0.17 

0.23 

0.27 

0.28 

0.28 

0.40 

0..38 

0..37 

0..M 

0.29 

16.3.5.1  Liquid  Water  Content  in  Clouds.  The  actual 
amount  of  liquid  water  from  droplets  or  ice  crystals  in  a 
cloud  will  vary.  dc{)cnding  on  the  type,  altitude,  and  tem¬ 
perature  of  the  cloud.  Clouds  formed  by  strong  vertical 
motion  will  generally  contain  large  amounts  of  liquid  water. 
Lamb  et  al.  |I976|  measured  as  many  as  1.5  g/m'  in  syn- 
optic-.scale  winter  clouds  that  contained  convective  ele¬ 
ments.  Generally,  clouds  of  this  typ»;  range  in  amounts  that 
are  illustrated  in  Figure  16-25.  Aufm  Kampe  and  Weick- 
mann  11957]  suggest  10.0  g/m'  as  the  maximum  value  of 
liquid  water  content  in  cumulonimbus  clouds. .Higher  values 
have  been  reported.  The  range  of  values  and  probability  of 
occurrence  are  discussed  in  detail  in  Section  16.2.5.4. 

In  large-scale  storm  systems,  liquid  '"ater  content  in 
most  of  the  clouds  is  in  the  range  0. 1  g/m'.  The  highest 
values  of  liquid  water  content  (see  Figure  16-25)  occur  near 
the  freezing  level  (or  melting  layer). 

The  values  quoted  in  the  preceeding  paragraphs  have 
been  computed  from  particle-size  distributiims  and  assump¬ 
tions  rela'.ng  crystal  size  and  equivalent  melted  diameter. 
They  should  be  considered  as  best  estimates.  Increased  ac¬ 
curacy  will  be  possible  only  when  a  reliable  method  of 
directly  measuring  water  content  is  developed. 

16.3.5.2  Measuring  Liquid  Water  Content.  Three 
meth<xls  of  measuring  liquid  water  content  have  been  tried: 
direct  measurement,  computation  from  particle  distribu¬ 
tions.  and  attenuation  of  radar  or  lidar  signals. 

Although  several  possible  instruments  for  direct  mea¬ 
surement  have  been  devised,  only  one.  the  Johnson- Wil¬ 
liams  fJW)  indicator  has  been  used  on  an  operational  basis. 
This  instrument  operates  on  the  principle  that  the  change  in 
resistance  of  a  heated  w  ire  as  it  evaporates  impacting  par¬ 
ticles  is  prop<irtional  to  the  liquid  water  content.  The  probe 
is  sensitive  only  to  liquid  droplets  having  diameters  of 
^.^0  gim. 

The  nmni  lYcquenlly  used  iiicth(xl  of  detennining  liquid 
water  content  is  by  integration  of  the  particle-size  spectra 
obtained  by  use  tif  an  optical  array  spectrometer.  This  pro¬ 
cedure  is  straightforward  when  particles  are  liquid.  How- 
evei.  when  particles  are  ice  crystals,  assumptions  concern¬ 
ing  the  relation  of  crystal  size  and  their  equivalent  melted 
diameter  are  necessary  The  .AKGl,  Cirrus  study  |Cohcn. 


198la|  and  Large  .Scale  Cloud  .Systems  study  K'ohen.  I98lb| 
used  this  meth<>d.  Knollenberg  1 1972|  notes  that  this  mcthtxl 
compared  favorably  t.i  results  given  by  direct  measurement. 

During  recent  years,  attempts  to  relate  liquid  water  con 
tent  to  the  intensity  of  radar  returns  have  been  made.  Stickcl 
and  Seliga  1 1981 1  describe  one  such  attempt.  At  this  time, 
however,  radar  is  not  able  to  give  the  definition  that  either 
direct  measurements  or  computation  from  particle  distri¬ 
butions  can  provide. 

16.3.5.3  Supercooled  Clouds  and  Aircraft  Icing.  The 

principal  meteorological  paranicters  assiKiated  with  aircraft 
icing  are  the  ambient  temneratuic.  the  cloud  liquid  water 
content,  and  the  drop  size  distribution.  The  extent  to  which 
ice  forms  on  an  aircraft  (that  is.  icing  intensity)  and  whether 
or  not  rime  or  glaze  ice  i^'  formed  depend  additionally  on 
the  aenxlynamic  shape  of  the  airplane  structures,  its  true 
air  speed,  and  the  length  of  time  the  aircraft  is  in  the  icing 
environment. 

The  source  of  most  meteorological  information  collected 
on  icing  parameters,  including  the  data  presented  here,  are 
from  stratiform  clouds  (stratus,  stratocumulus.  and  alto- 
stratus).  Ninety  percent  of  the.se  clouds  are  1  km  thick  (Fig¬ 
ure  16-4.^|.  Stratiform  clouds  are  of  principal  concern  with 
respect  to  icing  since  convective  clouds  (cumulus,  cumu- 
locongestus.  and  cumulonimbu'.)  are  generally  avoided  by 
aircraft  for  other  reasons.  Cumulus  clouds  are  also  relatively 
limited  in  horizontal  dimension  and  duration.  However, 
conditions  in  cumuliform  clouds  can  result  in  severe  icing 


Fieurc  16-13  C'uniulalive  trequenev  distrihulltm  Dt'  depth  of  icinji-cloud 
Iu\cr  liiflcr  Perkins. 
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of  aircraft  since  supercooled  water  in  excess  of  2.0  g/m’ 
(Mason.  1971 1  have  been  observed  as  well  as  drop  sizes 
o«.cuiTing  over  the  complete  range  of  the  size  spectrum. 
Additional  information  concerning  specific  cloud  types,  as¬ 
sociated  synoptic  conditions,  and  their  relation  to  icing  is 
given  by  Lxwis  1 1951 1  and  the  Air  Weather  Service  (AWS, 
1980|. 

Clouds  containing  supercooled  droplets  (that  is,  water 
in  the,  liqiiid  state  at  temperatures  below  freezing)  can  exist 
in  the  atmosphere  to  temperatures  as  low  as  233  K.  How¬ 
ever.  the  p  abability  that  supercooled  droplets  will  remain 
unfrozen  below  the  temperature  range  of  258  K  to  253  K 
decreases  rapidly  since  the  number  concentration  of  active 
freezing  nuclei  becomes  significant  at  these  temperatures. 
Petkins  1 1978]  observed  that  approximately  90%  of  the  clouds 
sampled  that  contained  supercooled  water  were  at  temper¬ 
atures  warmer  than  253  K.  The  likelihood  of  encountering 
clouds  containing  supercooled  droplets  as  a  function  of  tem¬ 
perature  is  shown  in  Figure  15-44. 

■•■he  liquid  water  content  (LWC)  in  wintertime  stratiform 
clouds  <s  a  highly  variable  parameter.  This  is  due  principally 
to  the  horizontal  variations  in  cloud  structure.  LWC  aver¬ 
aged  over  long  path  length.^  (>25km)  usually  do  not  exceed 
0.3  g/m'\  Altostratus  and  altocumulus  clouds  forming  at 
higher  altitudes  have  proportionately  lower  LWC  amount- 
due  to  the  temperature  dependency  of  saturation  vapor  pres¬ 
sure  of  water,  in  individual  stratocumulus  cloud  elements. 


Figure  16-44.  Cumulative  frequency  distribution  of  temperature  of  icing- 
clouds  [after  Perkins.  I97S|. 
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Figure  16-45.  Distribution  of  LWC  from  65  sample  cases  [Glass  and 
Grantham.  1981 1. 

with  horizontal  dimensions  of  0.5  km  to  1 .0  km.  peak  LWC 
values  of  1 .3  g/m’  have  beer  observed,  although  values  not 
exceeding  0.8  g/m'  are  more  typical.  The  distribution  (in 
percent)  of  supercooled  water  content  amounts  is  shown  in 
Figure  16-45.  These  data  are  based  on  sample  measurements 
(Glass  and  Grantham,  1981]  from  a  day  considered  repre¬ 
sentative  of  clouds  during  winter  icing  corditions.  The  dis¬ 
tribution  of  median  volume  diameters  for  these  data  is  shown 
in  Figure  16-46. 


Fipuiv  16-46.  DistribulH)n  of  average  median  volume  diameter  during 
c’ch  of  65  sample  cases  (Glass  and  Grantham.  1981). 
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Figure  16-47.  Nu)nber(*)  and  Ma!>s  (..x..)dislrjbution  with  size  fordala 
sets  with  ^0.2  g/tn'  liquid  water. 


Distributions  of  tHe  number  and  mass  density  of  droplets 
with  respect  to  size  obtained  from  the  same  data  set  are 
shown  in  Figures  16-47  and  16-48.  Both  figures  are  based 
on  long-duration  data  sets.  Figure  16-47  is  dfawn  from  data 
sets  where  the  average  LWC  was  equal  to  or  greater  than 
0.2  g/m',  whereas  Figure  16-48  is  based  on  data  sets  from 
which  LWC  values  did  not  exceed  0. 1  g/m^.  Some  param¬ 
eters  obtained  from  these  distributions  are  shown  in  Table 
16-31 .  Past  observations  IPerkins,  1978)  of  droplet-size  dis¬ 
tribution  in  sup.^rcooled  stratiform  clouds  indicated  that  val¬ 
ues  can  range  up  to  50  p.m.  More  recent  observations  have 
suggested  that  large  supercooled  drops  (approaching  300 


Table  16-31.  Characlerisliccs  of  size  and  n'ass  spectra  for  the  indicated 
figures. 


Figure  16-47  Figure  16-48 

LWC(g/m’) 

0.27 

0.04 

Number  density  (cm  ') 

321 

192 

Mean  Vol  Diameter  (p.m) 

12 

8 

Median  Vol  Diameter  (p.m) 

16 

14 

p.m  in  diameter)  can  be  found  in  these  clouds.  Their  number 
density,  however,  is  much  less  than  I.O/cm’. 

Techniques ,  developed  by  the  Air  Weather  Service 
1A'.VS,1980)  for  forecasting  icing  conditions  are  based  on 
radiosonde  observations  of  temperature  and  the  dew-point 
spread  (difference  between  temperature  and  dew  point).  These 
parameters  are  used  since  formation  and  maintenance  of 
clouds  containing  supercooled  droplet  spectra  require  a  sat¬ 
urated  or  near-saturated  environment.  This  report  quotes 
studies  indicating  that  when  only  dew-point  spread  is  con¬ 
sidered,  there  is  an  80%  probability  of  icing  when  the  spread 
is  S3  K,  and  84%  probability  of  no  icing  when  the  spread 
exceeds  li  i<.  A  northern  hemisphere  climatology  of  icing 
probabilities,  utilizing  the  Air  Weather  Service  analysis 
method  [AWS,19801  and  applied  to  380  northern  hemi¬ 
sphere  radiosonde  stations,  has  been  publisheo  by  the  Air 
Weather  Service  [Heath  arul  Cantrell.  1972). 


16.3.6  Clouds  above  6  Km 

Almost  all  clouds  found  above  6  km  are  ciiriform  clouds 
composed  of  ice  crystals.  Ciiriform  clouds  have  been  ob¬ 
served  at  altitudes  in  excess  of  15  km. 


Figure  l6-4g.  Number  (*)  and  mass  (..x..)  distribution  with  size  for  data 
sets  with  <0. 1  g/m'  liquid  water. 


16.3.6.1  Observations  of  Cirrus  Clouds.  In  1896-97, 
various  observatories  made  double-theodolite  measurements 
of  cirriform  clouds.  Table  16-32a  lists  the  average  heights 
of  the  cloud  bases  in  different  seasons  and  at  different  lat¬ 
itudes.  Table  l6-32b  shows  the  maximum  base  heights  of 
cirrus  and  cirrostratus  clouds  at  these  locations  [Suring. 
1941;  Applerr.an.  196 i).  This  table  indicates  that  the  bases 
of  cirrifoTn  clouds  are  higher  at  lower  latitudes  and  during 
the  summer,  and  that  the  bases  of  cirrus  clouds  tend  to  be 
higher  than  those  of  cirrostratus  layers.  These  observations 
were  confirmed  by  aircraft  flights  in  the  195()s.  The  flights 
made  at  that  time  also  provided  data  on  the  heights  of  tops, 
thickness,  and  fiequency  of  occurrence  of  cirriform  clouds. 

Cirriform  clouds  in  the  temperate  zone  are  more  com- 
mo.i  in  cold  weather  and  at  high  latitudes.  Both  bases  and 
tops  vary  in  height,  being  higher  in  summer  and  lower  in 
winter.  Tops  of  cirriform  cIouiL  are  closely  associated  with 
the  tropopause.  Generally,  the  tops  occur  1.2  to  1.5  km 
below  the  trupopause.  The  thickness  of  high  clouds  averages 

2. 1  to  2.2  km  and  shows  littie  or  no  variation  with  season. 
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Tabic  16- .^2a.  Mean  heighK  of  cimis  bases  ftir  international  cUnid  year  I8%-1KM7. 


Latitude 

Place 

Nonhem 

.  summer 

(km) 

Northern 

winter 

(km) 

78'’N 

Cape  Thordsen 

7.3 

— 

70°N 

Bossekop  (Sweden) 

7.5 

— 

60°N 

Pavlovsk  plus  Uppsala 

7.9 

7.1 

5I°N 

Potsdam  plus  Trappes  (average) 

8.7 

7.7 

40‘’N 

Blue  Hill  plus  Washington  (average) 

10.2 

9.1 

Mcra  (Japan) 

11.0 

9.1 

I4°N 

Manila 

12.0 

III 

TS 

Batavia 

11.0 

35fS 

Melbourne 

8.5 

9.6 

Table  !6-32b.  Maximum  heijihfs  cirrus  bases  for  international  cloud  year  I8%- 1897. 


Latitude 

Place 

Cirrus 

(km) 

Cirrostratus 

(km) 

78°N 

Cape  Tho.-<i;a;ii 

8.6 

_ 

70'’N 

Bossekop  (Sweden) 

11.8 

10.4 

bO^N 

Pavlovsk  plus  Uppsala 

II.7 

10.1 

51°N 

Potsdam  plus  Trappes  (average) 

12.7 

4()°N 

Blue  Hill  plus  Washington  (average) 

15.0 

35°N 

Mera  (Japan) 

16.8 

M^N 

Manila 

20.4  • 

rs 

Batavia 

18.6 

14.2 

35'’S 

Melbourne 

— 

In  the  1970s.  txith  particle  density  and  liquid  water  con¬ 
tent  of  high-altitude  clouds  were  investigated  in  airborne 
studies  of  the  microphysics  of  clouds.  Aircraft  studies  of 
cirriform  clouds  have  been  reported  by  Heymsfield  1 1975|, 
Ryan  et  al.  [  I972|,  and  McTaggert-Cowan  et  al.  1 1970).  In 
more  recent  years.  AFGL  has  published  a  series  of  reports 
on  this  subject  (Cohen.  198,1  a. b|. 

AFGL  research  Mights  have  shown  that  cirrus  cloud  par¬ 
ticles  are  almost  always  smaller  than  1200  p,m  in  diameter. 


Heymsfield  did  find  occasional  particles  as  large  as  1900 
pm.  but  these  were  very  rare,  and  generally  their  number 
density  was  less  than  I/cm’.  Most  cirrus  particles  are  smaller 
than  600  p.m.  Varley  et  al.  (1980)  found  some  larger  par¬ 
ticles  in  the  vicinity  of  a  surface  storm,  but  this  was  an 
exceptional  case. 

Although  comparison  of  the  work  of  different  investi¬ 
gators  is  risky  due  to  difference,',  in  instrumentation  and 
presentation,  an  analysis  of  the  results  of  three  studies  art 


Table  Water  content  (melted  ieel  and  pa.tjele  density  observ'alions  in  citrifonn  clouds. 


Observer 

Date 

Cloud  Type 

Altitude 

(km) 

Water 

Content 
(.Melted  Ice) 

,  (gm/m’) 

Maximum 

Particle 

Density 

(Number/cm') 

Heymsfield 

9  Jul  70  , 

Cirrus 

7 

.  0  30 

Not  reported 

Heymsfield 

4  Apr  72 

Cirrostratus 

8 

0.03 

0.20 

Ryan 

12  Jun  70 

Cirrus 

9 

Not  Reported 

3.60 

McTaggart -Cowan 

■  18  Jun  69 

Cirrus 

12 

Not  Reported 

0  53 

AFGL 

28  Jan  79 

Heavy 

CiTostralus 

8 

0.23 

0.13 

AFGL 

2  Feb  79 

Cirrostratus 

9 

0,03 

0.11 
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Figure  16-49.  Cimi«  panicle  conceninilions  seen  by  different  observers. 


Figure  l(i-S0.  Particle  size  disliibution  of  small-particle  subvisible  cirrus. 


can  fall  to  the  ground  [Kikuchi  and  Hogan,  1979]  as  “dia¬ 
mond  dust”  snowfalls.  Cirrus  particles  can  survive  falls  in 
excess  of  2  km  in  subsaturated  air  (Hall  and  Prupacher, 
1976). 

Hall  { 1964]  implies  that  subvisible  cirrus  can  reduce  the 
lift  on  laminar  flow  wings.  Barnes  [1978]  notes  that  cirrus 
particles  cause  erosion  of  hypersonic  vehicles,  such  as  reen¬ 
try  vehicles,  and  that  the  presence  of  unreported  thin  and 
subvisible  cirrus  reduces  the  efficiency  of  solar  collectors 
and  attenuates  energy  in  laser  beams  [Barnes,  1982]. 


shown  in  Figure  16-49.  This  figure  gives  an  idea  of  different 
size  distributions  and  is  not  intended  to  compare  the  results 
of  the  different  studies. 

Typical  water  content  (melted  ice)  and  particle  densities 
reported  by  different  observers  are  shown  in  Table  lf‘-33. 

16.3.6.2  Subvisible  Cirrus.  Cirrus-like  ice  particles  oc¬ 
curring  in  apparently  cloudless  air  are  called  subvisible  cir¬ 
rus.  Thin  cirrus  clouds  that  are  only  visible  from  certain 
directions  or  at  certain  times  may  also  be  called  subvisible 
cirrus.  Most  subvisible  cirrus  is  found  in  the  3  or  4  km 
immediately  below  the  tropopause.  The  maximum  occur¬ 
rence  of  cirrus,  both  visible  and  subvisible,  is  usually  I  to 
2  km  below  the  tropopause.  Recent  observations  suggest 
that  subvisible  cirrus  is  present  more  than  75%  of  the  time; 
one  rarely  finds  cloudless  areas  in  the  cirrus  region  in  which 
there  are  fewer  than  one  particle  greater  than  2  p-m  in  di¬ 
ameter  per  cm'. 

There  are  two  kinds  of  subvisible  cirrus.  The  most  com¬ 
mon  consists  of  small  particles  with  diameters  of  less  than 
50  (xm.  with  most  particles  being  less  than  20  pm  in  di¬ 
ameter  (see  Figure  16-50).  Barnes  1 1980]  describes  the  sec¬ 
ond  type  of  subvisible  cirrus  as  consisting  of  isolated  ice 
crystals  with  diameters  of  1(X)  pm  to  ,30(K)  pm  These  par¬ 
ticles  may  occur  with  the  first  type  (see  Figure  16-51),  or 
they  may  be  found  in  layers  devoid  of  the  smaller  particles, 
having  fallen  from  higher-level  clouds  (often  cirrus  unicus). 
where  they  were  generated.  In  Arctic  regions,  these  crystals 


16.3.U.3  Clouds  Above  the  Tropopause.  While  almost 
all  of  the  water  and  ice  clouds  in  the  atmosphere  are  in  the 
troposhere,  there  are  .some  occasions  in  which  clouds  pen¬ 
etrate  into  the  stratosphere.  This  is  generally  the  result  of 
strong  convective  activity  in  which  severe  thunderstorms, 
caused  by  unstable  conditions  and  high  moisture  content, 
have  enough  energy  to  break  through  the  tropopause  (Figure 
16-52).  In  thi.s  vein,  the  frequency  and  percent  occurrence 
of  radar  precipitation  echoes  have  above  15  km  have  been 
estimated  ]Kantor  and  Grantham,  1968).  This  climatology 
of  radar  precipitation  echoes  also  provides  information  on 
the  month  of  occurrence  and  estimated  vertical  extent  of 


Figure  16-51.  Particle  size  distribution  showing  Nifh  types  of  subvisible 
cirrus. 
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Figure  I6-S2.  Average  nKinihly  troptipause  penetrations  by  thunder¬ 
storms.  1%I-I9M  (Long  et  al..  1%5|. 


cumulonimbus  clouds  over  the  United  States.  As  a  further 
example.  Table  16-34  indicates  that  cirrus  tops  can  build 
well  beyond  the  trooopause.  The  cirrus  produced  by  thun¬ 
derstorms  can  often  extend  about  1 85  km  downwind  of  the 
cell  that  produced  it.  Thus,  stratospheric  clouds,  while  not 
common,  do  exist  and  can  be  expected  in  and  near  regions 
of  strong  convective  activity. 

The  size  and  shape  of  high  altitude  convective  clouds 
have  been  estimated  [Long  et  al.,  1965;  Rodch,  1967).  For 
thunderstorms  that  have  penetrated  the  tropopause  in  the 
n.idwestem  United  States,  the  .shape  of  the  cloud  is  a  cone 
with  a  diameter-to-height  ratio  of  roughly  five  to  one  for 
the  p'.rtion  of  the  cloud  above  the  tropopause.  However, 
much  of  the  cirrus  blowoff  (shield)  that  is  observed  from 
the  ground  remains  below  the  tropopause.  Mean  diameter 
of  high  altitude  convective  cells,  including  the  associated 
anvil,  has  been  estimated  at  32  to  50  km. 

16.3.6.4  Tropopause  Height.  Because  there  are  sea¬ 
sonal.  latitudinal,  and  daily  variations  in  the  height  of  the 
tropopause.  Both  the  latitude  and  season  of  the  year  must 
be  considered  in  studying  the  height  of  the  tropopause.  Table 
16-35  gives  mean  seasonal  heights  of  the  tropopause  in  the 
Northern  Hemisphere;  however,  mean  seasonal  heights  may 
be  several  kilometers  higher  than  indicated  in  Table  16-35 
on  the  east  side  of  semistationary  lows  such  as  the  Icelandic 
and  Aleutian  lows  during  the  winter  and  spring  months. 

In  middle  latitudes  the  day-to-day  variations  in  the  height 
of  the  tropopause  exceeds  the  seasonal  variations;  large  vari¬ 
ations  in  height  iKcur  as  a  result  of  horizontal  oscillations 
in  the  tropopause.  The  arctic  tropopause  from  the  north  is 
brought  southward  in  the  rear,  and  the  tropical  tropopause 
from  the  south  is  projected  northward  in  advance  of  well- 
developed  migratory  cyclones.  Although  data  are  not  suf¬ 
ficient  to  es'.ablish  exact  limits,  available  data  indicate  that 
in  middle  latitudes  (40°  to60°N)  the  tropopause  can  fluctuate 
between  about  6  and  15  km.  North  of  60°  and  south  of  30° 
latitude,  the  range  is  much  smaller,  the  order  of  900  to  1800 
m  around  the  seasonal  mean  heights. 


Table  16- .14.  Disiribulion  of  cimis  lops  relative  to  the  tropopause. 


Distance  From  Tropopause 
(m) 

Frequency  of  Occurrence 
(%) 

British  Isles 

>  1 200  above 

10 

1200  «o0  above 

10 

0  to  1 200  below 

50 

1200  to  2400  below 

16 

>2400  below 

14 

Canada 

>  1 500  above 

1 

1500  to  0  above 

12 

0  to  1500  below 

52 

1500  to  3000  below 

23 

<3000  below 

12 

16.4.  FOG 

Fog,  as  well  as  clouds,  affect  the  propagation  of  decs 
tromagnetic  radiation  through  the  atrriosphere,  especially  in 
the  frequency  spectrum  >30  GHz  (<1  cm  wavelength). 
The  absorption  and  scattering  of  electromagnetic  radiation 
by  water  spheres  and  fogs  have  been  extensively  studied. 
Deirmendjian  119641,  Herman  (1962),  and  Platt  [19701  have 
discussed  extinction  and  scattering  by  water  droplets  in  the 
visible,  infrared  and  submillimeter  regions  of  the  spectrum, 
respectively.  Gunn  and  East  [1954]  have  discussed  absorp¬ 
tion  and  scattering  of  microwaves  by  clouds  and  rain.  The 
amounts  of  absorption  and  scattering  are  functions  of  the 
microphysical  structure  of  the  fog. 

16.4.1  Microphysical  Structure 

16.4.1.1  Condensation  Nuclei.  The  atmosphere  con¬ 
tains  a  large  concentration  of  dry  aerosol  particles  ranging 
in  size  from  about  10" Vm  to  I0p.m  radius.  Mason  [1971 ) 
divides  the  spectrum  of  particles  into  three  parts:  ( I )  Aitken 


Tabic  16-35.  Mean  seasonal  heights  of  ihe  tropopause. 


Latitude 

'  Altitude 

Dec-Feb 

(m) 

Mar-May 

(m) 

Jun-Aug 

(m) 

.Sep-Nov 

(ni) 

60°  to  80°N 

8  400 

8  800 

9400 

9  200 

50°  to  60°N 

9  200 

10  000 

11  300 

,  1,0  000 

40°  to  50°N 

10  000 

II  000 

12  700 

11  800 

30°  to  40°N 

14  000 

13  800 

14  000 

14  200 

10°  to  .30°N 

17  000 

•  16  800 

15  700 

16  300 
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nuclei  (r  <  O.l^  m),  (2)  large  nuclei  (0.1  <  r<  1.0M.ni). 
and  (3)  giant  nuclei  (r  >  1  Oum).  All  of  these  particles  can 
act  as  condensation  nuclei  provided  the  supersaturation  is 
large  enough  However,  in  the  real  atmosphere  there 

is  a  sufficient  number  of  hygroscopic  particles  so  that  con¬ 
densation  occurs  at  supersaturations  of  less  than  0.1%.  These 
hygroscopic  particles  are  either  large  or  giant  nuclei,  in  other 
words,  the  Aitken  nuclei  are  not  an  important  factor  in  the 
formation  of  fog  even  though  concentrations  of  Aitken  nu¬ 
clei  up  to  KT’/cm'  are  possible  in  urban  industrial  areas. 
Concentrations  of  large  and  giant  nuclei  are  considerably 
less,  averaging  about  lO’/cm',  wit.i  a  maximum  concentra¬ 
tion  of  about  1  O'/cm'. 

Several  workers  have  derived  analytical  expressions  de¬ 
scribing  the  nuclei  size  spectrum.  The  most  popular  expres¬ 
sion  is  that  derived  by  Junge  |l%3|  for  particles  greater 
than  r  =  0. 1  p.m 


dN 

d(log  r) 


(16.30) 


where  N  is  the  number  of  nuclei  per  cm'  in  the  radius  interval 
d  (log  r),  and  B  and  C  are  functions  of  the  drop-size  dis¬ 
tribution.  Measurements  from  several  different  parts  of  the 
world  show,  on  average,  an  r'  law,  especially  in  the  size 
range  0.05  p.m  through  1 .0  [xm.  Below  a  radius  of  0.05 
U.m,  the  number  of  Aitken  nuclei  begins  to  decrease  with 
decreasing  size. 

There  are  3  primary  sources  of  origin  of  nuclei;  ( I )  soil 
and  vegetatic.i,  <2)  sea  spray,  anu  (3)  combustion.  De¬ 
pending  on  their  origin,  the  nuclei  normally  contain  various 
quantifies  of  SO,,  NH,  NO,  Cl.  and  Na,  The  SO,  and  NO, 
are  primarily  from  industrial  or  combustion  sources.  Cl  is 
from  industrial  sources  as  well  as  the  sea.  NH,  is  from 
decaying  organic  maiter,  and  Na  is  from  the  sea  and  exists 
primarily  as  sodium  chloride. 

Depending  on  the  size  and  hygroscopicity  of  the  parti¬ 
cles.  condensation  may  begin  when  the  relative  humidity  is 
as  low  as  70% .  As  the  humidity  rises  due  either  to  additional 
moisture  or  a  lowering  of  the  temperature,  the  particles 
continue  to  grow  and  form  a  haze..  When  a  slight  super- 
saturation  iKcurs,  the  particles  quickly  grow  into  fog  drop¬ 
lets,  The  type  and  concentration  of  hygroscopic  particles 
and  the  amount  of  superasaturatlon  are  the  primary  factors 
that  affect  the  fog  drop  size  distribution  and  resulting  vis¬ 
ibility. 

16.4.1.2  Drop  Size  Distributions.  There  are  two  pri¬ 
mary  techniques  for  measuring  fog  dr&p-sizc  distributions: 
impaction  and  light  scattering.  In  the  impaction  technique, 
droplets  are  impacted  on  a  glass  slide  which  is  usually  coated 
with  gelatin  or  some  oily  substance,  the  droplets  leaving 
impres.,ions  on  the  slide  The  impressions  are  then  later 
counted  and  sized  to  determine  the  drop  size  distribution. 
The  3  primary  disadvantages  of  this  technique  are  ( I )  the 
tedious  and  time  consuming  process  of  counting  and  sizing 


the  droplets,  (2)  the  low  collection  efficiencies  of  the  smaller 
droplets  resulting  in  unreliable  counts  below  about  4  pm 
radius,  and  (3)  fog-laden  air  -nust  be  drawn  through  a  small 
opening,  thus  creating  problems  with  obtaining  represen-. 
tation  samples,  in  recent  years  the  light-scattering  technique 
has  become  much  more  reliable  and  popular.  The  advan¬ 
tages  of  this  technique  iie  t‘  c  near  real  time  readout  of  the 
drop  size  distribution  and  the  ability  to  measure  the  smaller 
droplets.  The  main  disadvantage  of  most  light  scattering 
instrumentation  is  that,  like  the  impaction  technique,  drop¬ 
lets  must  be  drawn  into  the  sample  volume  through  a  narrow 
opening. 

Most  impaction  techniques  show  droplet  radii  ranging 
from  2  to  40  pm  with  a  peak  or  mode  in  the  number  con¬ 
centration  occurring  around  5  to  10  pm.  Recent  light-scat¬ 
tering  techniques,  however,  reveal  that  the  droplet  count 
frequently  continues  to  increase  a  radii  be’nw  5  to  10  pm. 
An  example  of  this  is  described  in  Figure  16-53  which  shows 
four  comparisons  of  fog  droplet  spectra  at  Otis  AFB .  Mass. . 
each  measured  simultaneously  with  a  Calspan  droplet  sam¬ 
pler  (which  uses  gelatin  coated  slides),  and  a  Particle  Meas¬ 
uring  System  forward  scatter  spectrometer  probe  (FSSP- 
100)  IKunkel,  19811. 

Using  the  FSSP-IOO.  Kunkel  .’21  shows  three  basic 
types  of  distributions  in  advection  F  gs  at  Otis  AFB  (Figure 
16-54).  The  common  feature  of  -ie  three  distributions  is 
that  the  maximum  concentration  per  micron  diameter  in¬ 
terval  occurs  below  2  pm.  apparently  the  result  of  inactive 
or  haze  nuclei.  The  middle  spectrum  (Type  B)  was  the  most 
typical  of  the  distributions  observed  at  Otis  AFB.  showing 
a  primary  mode  between  0.5  and  2  pm,  a  secondary  mode 
or  plateau  between  5  and  10  pm  and  a  plateau  between  .  15 
and  30  pm.  Type  A  has  a  mode  in  the  15  to  30  pm  plateau. 
This  type  of  distribution  was  quite  common  in  radiation  fogs 
observed  at  llanscom  AFB.  Ma.ss.  Type  C  spectra  show  no 
plateau  or  peak  but  a  steady  decrease  in  concentration  which 
can  be  represented  by  a  power  law  curve  [Junge,  1963). 


16.4.1.3  Liquid  Water  Content.  The  liquid  water  con¬ 
tent  (LWC)  of  fog  can  be  measured  through  a  variety  of 
techniques.  One  technique  is  to  collect  the  liquid  water  on 
some  type  of  absorbent  filter  paper  over  a  specific  time 
period.  The  paper  is  weighed  before  and  after  collection, 
and  the  increase  in  weight  can  then  be  converted  to  LWC. 
There  are  various  types  of  hot-wire  devices  in  which  the 
droplets  impact  oh  electrically  heated  wire  and  subsequ"ntly 
evaporate  and  cool  the  surface  of  the  wire.  The  magnitude 
of  the  cooling  is  a  measure  of  the  LWC.  The  LWC  also  can 
be  determined  by  integrating  the  drop-size  distribution  curves, 
assuming  the  volume  of  air  sampled  is  known.  A  small  wind 
tunnel  or  blower  is  nefessary  with  all  of  these  techniques, 
ill  order  to  draw  the  sample  into  the  sampling  surface  or 
through  the  sampling  area. 

Measurements  of  LWC  in  fog  have  been  very  sparse. 
Therefore,  it  is  difficult  to  obtain  any  type  of  statistics  on 
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Fijiurc  16-^.V  Four  examples  of  droplet  concentration  spectra  from  the  Calspan  sampler  (hatched  area)  and  the  FSSP-I(X) 


the  frequency  of  LWC  amounts.  Recently  however,  Kunkel 
(1982]  determined  the  LWC  from  400  samples  during  7 
advection  fogs  at  Otis  AFB  by  integrating  the  drop-size 
distributions  which  were  averaged  over  5-min  periods.  Fig¬ 
ure  16-55  shows  the  percentage  of  time  that  the  LWC  at 
5  m  and  30  m  above  the  ground  is  below  a  given  value. 
The  data  include  all  samples  with  a  liquid  water  content  of 
at  least  0.01  g/m'  at  the  5  m  level.  The  average  LWCs  were 
0.03  and  0. 1 7  g/m’  and  the  maximum  LWCs  were  0.33  and 
0.48  g/m’  at  the  5-  and  30-m  levels,  respectively. 


16.4.2  Visibility 

16.4.2.1  DePnIlions.  There  are  several  terms  commonly 
used  to  describe  the  opacity  of  the  atmosphere.  Some  of 
these  terms  and  their  definitions  are 

Visibility — A  subjective  evaluation  of  the  greatest  dis¬ 
tance  in  a  given  direction  at  which  it  is  just  possib'e  to  see 
and  identify  with  the  unaided  eye  in  the  daytime  a  prominent 
dark  object  against  the  sky  at  the  horizon,  and  at  night  a 
known,  preferably  unfocused,  moderately  intense  light  source. 
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Rgurc  IA-54.  Example  of  three  typex  of  drop  siae  distributions  in  advection  fogs  at  Otis  AFB.  Mass.  (Kunkcl.  19X1 1. 


Prevailing  Visibiliry — The  greatest  hoHzontal  visibility 
that  i>  equaled  or  surpassed  throughout  half  of  the  horizon 
circle.  This  value  is  entered  in  surface  weather  observations. 

Daytime  Visual  Range — The  distance  at  which  dte  ap¬ 
parent  contrast  between  a  specified  type  of  target  and  its 
background  becomes  just  equal  to  the  threshold  contnest  o' 
an  observer.  Daytime  visual  range  V  is  a  function  of  the 
extinction  coefficient  of  the  atmsisphere  k.  the  threshold 
contrast  of  the  observer's  eyes  e,  and  the  viewing  angle. 
The  relationship  can  be  described  by  Koschmieder's  Law 
11924] 


Figure  lft-5.S.  The  peReniage  df  time  that  the  liquid  water  content  at  .TO 
and  5  m  abuve  ihe  ground  iv  below  a  given  value  (Kunkei, 
1981) 


V  =  7  In-.  (16  .^1) 

k  r 

Nightime  Visual  Range — The  greatest  distance  at  w  hich 
a  point  sotirce  of  light  of  a  given  candle-prrwcr  can  be 
perceived  by  an  observer  under  given  atmospheric  condi¬ 
tions.  Nighttime  visual  range  V  is  a  function  of  extinction 
coefficient  of  the  atmosphere  k.  the  candle-ptrwer  of  the 
point  source  I  and  the  threshold  illuminance  for  the  ob¬ 
server's  eyes  E.  The  relationship  can  be  described  by  Al¬ 
lard's  Law  1 1876] 

V-  =  iexp(-kV).  (16  .112) 

b 

Threshold  Contrast  tr) — The  smallest  ct>ntr;ist  of  lu¬ 
minance  that  is  perceptible  U>  the  human  eye.  The  threshold 
contrast  value  can  vary  from  0.(K).*i  to  .“i.O  depending  on  the 
trbserver  and  the  brightness  and  visual  angle  of  the  target. 
*  n  average  threshold  contrast  of  0.055  is  normally  used. 

Threshold  Illuminance  (E) — The  lowest  value  of  illu¬ 
minance  which  the  eye  is  capable  of  detecting  under  spec¬ 
ified  conditions  of  background  luminence  and  degree  of  dark 
adaption  of  the  eye.  A  value  of  10  '  lumens  per  km'  is 
normally  used. 

C.xtinction  Coefficient  (k) — A  measure  of  the  space  rate 
of  otinction  of  any  transmitted  light.  The  ex' nction  c<  ef- 
ficieiit  is  a  function  of  the  concentration  N  and  radius  r  of 
particles  in  the  atmosphere;  it  can  be  calculated  by  the  fol¬ 
lowing. 


fit  ••  -Jb' -nil* 
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k  =  ir2;  K.N.r.  (I<>  33) 

I  I 

where  K  is  the  scattering  area  ratio  for  a  given  particle  size 
i.  K  is  normally  given  a  value  of  2. 

16.4.2.2  Variability.  The  variability  of  visibility  in  fog 
has  been  the  subject  of  numerous  recent  studies,  such  as 
Chisholm  and  Kruse  |l974a|.  Chisholm  |l‘)74|,  Chisholm 
and  Kruse  |l974bl.  Brown  |I979|.  and  Jiusto  and  Lala 
1 1980).  The  first  four  papers  present  analytical  results  of 
dat.i  collected  in  .AFGL  rescareh  projects  during  the  last  ten 
yeais.  For  example,  an  automated  mesoscale  weather  net¬ 
work  was  m  operation  in  eastern  Massachusetts  from  1972 
to  1976  and  was  followed  b'  the  establishment  of  a  weather 
facility  a!  Otis  AFB.  Mass,  on  Cape  Cod.  All  vi.'.ibility 
measurements  were  obtained  using  forward-scatter-meters 
IFS.M)  whose  characteristics  have  beer,  previtnisly  described 
IMuench  et  al..  I974|.  The  visibility  measurements  in  this 
section  will  be  expressed  either  in  terms  of  atmospheric 
extinction  coefficient  (xIO  ^/m)  as  directly  measured  by  the 
FSM.  or  a  daytime  sensor  equivalent  visibility  (SEV)  as 
defined  by  George  and  Lefkowitz  11972).  The  daytime  SEV 
is  equivalent  to  the  daytime  visual  range  defined  in  the 
previous  section. 

The  presentation  of  the  Variability  of  visibility  in  fog 
will  be  divided  into  three  parts:  ( I )  temporal  yariahility:  (2) 
horizontal  variability  and  (.^)  vertical  variability.  Meas¬ 
ures  of  variability  are  the  simple  correlation  coefficient  r. 
and  the  standardized  error  of  estimation  (SE)  or  persistence 
error  computed  tre  n 

SE  =  l(l-r)(rl'-.  (I6..34) 

where  (T  is  the  pen  ent  variance  of  the  dependent  variable. 

Temporal  Variability — Chisholm  and  Kruse  |  I974a|  ex¬ 
amined  the  question  of  obtaining  visibility  at  an  airport  with 
less  tlian  three  small-volume  visibility  instruments  along  a 
runway  and  produced  an  insight  into  the  temptjral  variability 
of  fog.  Figure  Ib-.'ib  shows  tne  resulting  plots  of  persistence 
error  for  a  single  instrument  (W)  and  a  three-irstniment 
mean  based  on  autiKorrclations  w  ith  time  lags  from  I  to  90 
min.  They  restricted  the  data  to  night-time  observations  to 
avoid  sunrise-sunset  effects.  The  instruments  were  situated 
on  Ixith  sides  of  the  runway.  Distances  between  the  central 
site  and  the  two  extremes  were  1240  and  1280  m;  the  dis¬ 
tance  between  the  two  extreme  sites  was  2400  m. 

The  single-station  and  three-statittn  mean  cuives  are  nearly 
identical  for  advection  fog.  They  show  a  rapid  increase  in 
persistence  errors  during  the  first  10  min  and  consistently 
lower  persistence  errors  than  the  radiation  fog  cases.  The 
similarity  of  the  single-  :md  three-instrument  means  vali¬ 
dates  existence  of  a  higher  degree  of  homogeneity  in  ad¬ 
vection  log.  On  the  other  hand,  in  the  radiation  fog  cases, 
the  single-  and  three-station  means  differ  widely  and  have 
consistently  higher  persistence  errors  than  advection  fog. 
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Figure  16- S6.  Temporal  variability  of  SEV  persistence  error  as  a  function 
of  restriction  cause  (Chisholm  and  Kruse,  l9'/4a|. 


indicating  more  rapid  changes  in  visibility  over  short  dis¬ 
tances  and  time  intervals. 

Figure  16-57  is  a  time  section  of  visibility  (SEV)  ob¬ 
served  at  the  three  instruments  at  Hanscom  AFB  during  a 
radiation  fog.  The  rapid  and  erratic  fluctuations  of  visibility 
in  time  and  space  are  clearly  shown. 

A  45-m  tower  located  about  1000  m  north  of  the  west 
runway  instrument  (W)  was  also  instrumented  with  forward- 
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Figure  16*57.  Short  limo  plot  of  SE''  at  three  locations  along  Hanscom 
AFB  runwav  in  a  radiation  fog  cpistxie  (Chisholm  and 
Kruse.  I974al. 
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Figure  I6-S8.  Time  defxndent  persislencc  error  o*  5EV  u  a  fuiKiion  of 
Mnsor  height  above  ground  (Chisholm  and  Xruse.  i974b|. 

scaner-mcters.  Figure  16-58  shows  for  advcctive  fog  cases 
that  the  persistence  error  is  consistently  less  at  higher  levels 
indicating  a  greater  degree  of  homogeneity  in  adve:ction  fog 
with  height. 

Horizontal  Variability — Chisholm  and  Kru.>e  |I974al 
compared  simultaneous  readings  of  two  forward-scatter-me¬ 
ters  separated  horizontally  by  3  m  to  obtain  a  measure  of 
the  accuracy  and  representativeness  of  the  individual  sensor 
observations.  They  found  that  the  advcctive  and  radiation 
fog  variability  at  this  scale  is  on  the  order  of  8%  and  13%, 
respectively.  Figure  16-59  shows  a  l-h  sample  of  the  si¬ 
multaneous  observations  during  a  period  of  radiation  fog 
when  visibility  varied  from  10  km  to  less  than  100  m. 

Figure  1 6-60  is  a  plot  of  forward-scatter-meter  e.'ttinction 
coefficient  measurements  made  at  the  Otis  Weather  Test 
Facility  at  Otis  AFB,  Mass.,  during  an  advection  fog  on  5 
Nov  1978.  For  comparative  purposes,  an  extinction  coef¬ 
ficient  of  30  X  10^/m  denotes  a  daytime  SE'.'  of  approx¬ 
imately  I  km  while  a  reading  of  210  x  lO^/m  represents 
an  SEV  of  about  140  m,  assuming  a  contrast  threshold  of 
0.055.  These  measurements  were  made  by  instruments  lo¬ 
cated  at  the  30-m  level  of  four  towers  (A,  B,  P  and  Q). 
Towers  P,  A,  and  Q  were  oriented  southeast-northwest  at 
500-m  intervals.  Tower  B  was  located  about  85  m  southwest 
of  Tower  A,  the  center  tower  of  the  line.  The  graph  shows 
the  degree  of  homogeneity  that  existed  over  these  distances 
in  one  particular  case. 

Chisholm  and  Kruse  [1974a)  also  evaluated  the  degree 
of  homogeneity  in  radiation  and  advection  fogs  along  a 
runway  (locations  W,  N,  and  E;  see  temporal  variability) 
by  examining  observations  at  two  points  on  the  runway 
given  the  conditions  at  a  third.  Table  16-36  presents  a  sum¬ 
mary  of  the  two  distributions,  labeled  midpoint  and  rollout. 
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Figure  16-59.  Time  plol  of  SEV  from  (wo  Kiison  collocated  M  east  end 
of  runway  in  a  radiation  fog  episode  (Chisholm  end  Kruse, 
I974al. 

for  5  classes  of  visibility  restriction  at  the  touchdown  point. 
Data  from  the  radiation  and  advection  fogs  have  been  h.rther 
stratified  ro  that  each  end  of  the  runway  (W  and  E)  becomes 
a  touchdown  point.  The  principal  diagonal  in  each  table 
represents  the  homogeneous  condition,  that  is  conditions  at 
mid-  and  endpoints  of  ruitway  are  the  same  as  at  the  touch- 
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Fi'iurc  16-60  Time  series  of  jtmosphcric  extinction  coefficient  (I -min 
averages)  ntea.sured  at  the  29  m  levels  at  towers  A.  B.  P. 
and  Q  on  5  November  1978  during  fog. 
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CHAPTER  16 


TaMo  trcqucfwy  dtslnhulHm  akmg  AFB  Runway  of  equivalent  daylimc  SF.V 


Restriction 

Cause 

Touchtl»>wn 

IwKation 

SEV 

Range 

(m) 

> 

1600 

Midpoint  Distni>uiion 

800-  400-  200- 
1600  800  400 

0- 

200 

> 

1600 

Rollout  Distribution 

800-  400-  200- 
1600  8(X)  4(X) 

0- 

2(X) 

Radiation 

W 

>1600 

■1 

5 

4 

77 

8 

2 

5 

7 

Fog 

800-1600 

8 

17 

54 

8 

8 

8 

22 

400  800 

wa 

21 

32 

42 

12 

6 

21 

20 

200-400 

32 

.50 

16 

II 

23 

35 

15 

0-2(Xl 

.41 

55 

9 

5 

7 

42 

37 

E 

>I6(K) 

84 

5 

.4 

■1 

n 

84 

6 

3 

3 

3 

800-1600 

49 

10 

1.4 

19 

HI 

62 

6 

7 

14 

12 

400-800 

26 

6 

8 

Bl 

24 

8 

5 

40 

23 

20(4  400 

2.4 

5 

4 

El 

19 

3 

6 

23 

49 

’ 

0-200 

11 

1.4 

12 

28 

9 

6 

10 

47 

Advection 

W 

>1600 

96 

4 

«t 

* 

0 

9.4 

7 

♦ 

0 

0 

Fog 

800-  16(X) 

16 

78 

5 

1 

0 

12 

78 

10 

1 

0 

400-800 

1 

18 

78 

3 

0 

2 

22 

63 

13 

0 

200-400 

0 

0 

10 

85 

5 

0 

0 

4 

79 

17 

0-200 

0 

0 

0 

24 

76 

0 

0 

0 

2 

98 

E 

>I6(K) 

2 

» 

* 

0 

% 

4 

* 

0 

0 

800-1600 

76 

5 

0 

0 

20 

71 

9 

0 

0 

400-800 

21 

75 

3 

0 

* 

25 

71 

4 

0 

200-400 

0 

22 

76 

2 

0 

2 

16 

81 

* 

0-200 

0 

0 

47 

5.4 

0 

0 

0 

44 

.56 

All 

w 

>1600 

94 

4 

1 

1 

• 

90 

7 

1 

1 

Restrictions 

800-1600 

18 

74 

7 

1 

* 

II 

79 

8 

1 

400-800 

.4 

15 

76 

4 

•> 

5 

25 

57 

12 

200-400 

2 

* 

II 

73 

14 

4 

3 

10 

71 

0-200 

4 

4 

24 

68 

7 

4 

5 

32 

E 

>1600 

% 

.4 

* 

1 

♦ 

95 

3 

1 

* 

800- 1600 

2.4 

67 

9 

1 

.  * 

22 

66 

10 

1 

1 

400-800 

5 

17 

69 

6 

3 

6 

19 

64 

8 

3 

200-400 

5 

1 

19 

62 

12 

6 

2 

14 

62 

16 

0-200 

6 

7 

6 

28 

5.4 

16 

5 

4 

22 

5.4 

*lcN>  than  \*‘f 


down  pdint.  The  iijinificantly  higher  yariahilily  of  the  ra¬ 
diation  fog  is  very  appaieni.  for  example,  with  a  touchdown 
visibility  between  40()  and  8(K)  m  the  corrcspt>nding  visi¬ 
bility  at  the  midpoint  and  rr;llout  are  in  the  same  range  only 
and  of  the  time  for  the  West  (Wi  touchdown  and 

SCi  and  for  the  Hast  (K)  touchdown.  For  advectixe  fog 

the  midpoint  frequencies  are  in  the  same  range  78*^  and 
76'';  and  rollout  frequencies  and  .  Disparitv  bc- 
tweeen  these  results  and  thoa;  reported  by  .Schlatter  and 
Lefkowit/  1 1968|.  which  showed  more  variability  at  airports 
liKated  at  Atlantic  City.  N.J,  and  Los  .Angeles.  Calif.,  can 
be  attributed  to  dilTerent  climatic  regimes  and  to  different 
observing  systems.  The  transmissometer  used  in  the  Schlat¬ 
ter  and  l.efkow  it/  1 1%8|  rcfnirt  w  as  compared  w  ith  the  FSM 


by  Muench  ct  al.  1 1974)  and  was  found  to  have  an  inherent 
overall  error  of  ±  2(H>f  due  to  calibration  drift  and  instrument 
noise  as  compared  to  the  ±4*;;  of  the  FSM. 

Figu'c  16-61  shows  a  companson  of  spatial  variability 
at  Hanscom  AFB  with  variabilities  reported  by  Hage  and 
Entrekin  Ildb.Sj  for  Kennedy  Airp«irt.  N.Y..  and  by  Hage 
and  W'ilson  |I967|  for  Atlantic  City.  N.J.  Chisholm  and 
Kruse  I  I974a|  imply  that  a  significant  part  of  the  variability 
at  Kennedy  and  Atlantic  City  is  due  to  use  of  the  trans¬ 
missometer  as  a  measuring  system  rather  than  to  natural 
causes.  Figure  16-61  illustrates  horizontal  variability  over 
distances  ranging  from  0  4  to  km  in  radiation  and  advec- 
rion  fog.  Figure  16-62  represents  a  compilation  of  space 
correlations  in  the  range  5  t(»  40  km  for  station  pairs  carefully 
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STATION  SEPARATION  (km) 

Fi|;ure  16-61 .  Omparivni  ol  h»n7>inlal  vinabdily  of  SEV  iH  ihrct  airport 
kKai'ons  (Chisholm  and  Knisc.  I974a|. 

selected  from  the  AFGL  Mcsttnelwork  to  eliminate  coastal 
and  hilltop  effects  and  to  insure  similar  elevations.  The 
decay  in  correlation  as  a  function  of  station  separation  is 
clearly  evident  in  the  advection  fog  and  quite  dramatic  in 
the  ca.se  of  radiation  fOg.  B.'cause  radiation  fog  rarely  is 
found  in  the  eastern  part  of  the  network,  the  station  pairs 
for  this  class  'cstriction  were  limited  to  LS  krsi. 

Vertical  VariahUity — The  AFGL  Mesonetwork.  in  ad¬ 
dition  to  numerous  surface  weather  stations,  contained  one 
tower  at  Hanscom  AFB  which  was  instrumented  at  the  .TO 


and  45  iti  levels.  Figure  16-63  from  Chisholm  and  Kruse 
I  I974al  shows  the  cumulative  frequency  distribution  of  vis¬ 
ibility  in  advective  fogs  (and  rain  cases)  at  three  levels; 
ground,  30  m.  and  4S  m.  The  figure  shows  a  dramatic 
increase  of  reduced  visibility  with  height.  For  example, 
during  iuJ-  ective  fog.  visibilities  (SEV)  greater  than  400  m 
occur  about  90‘)f'  of  the  time  at  the  surface,  while  at  the  45 
m  level,  they  occur  only  65*)^  of  the  time. 

f^igure  16-64  shows  a  typical  time  section  of  the  vertical 
variation  of  visibility  (extinction  coefficient)  at  Ofis  ,\FB, 
Ma.ss.,  on  5  Nov  1978  during  an  advection  fog.  Five  levels, 
from  3  m(X)  to  57  m(A200).  of  visibility  were  plotted.  The 
sinking  decrease  in  visibility  (increase  in  extinction  coef- 
ftciimt)  with  height  is  leadily  apparent.  Figure  16-65.  on 
the  other  hand,  shows  a  time  section  of  visibility  when  a 
typical  ground  fog  iKcurred.  The  same  levels  of  the  tower 
are  shown.  The  striking  feature  in  this  figure  is  the  complete 
reversal  of  visibility  gradient,  with  (he  surface  instrument 
(X)  recording  the  lowest  visibility. 

t6.4.2.3  Relationship  Between  Extinction  Co^ficient  and 
Liquid  Water  Content.  A  direct  relationship  exists  be¬ 
tween  the  extinction  coefficient  and  the  amount  of  liquid 
water  in  a  cloud.  However,  '^he  extinction  coefficient  in  the 
visible  part  of  the  spectrum  is  also  inversely  related  to  the 
radii  of  the  droplets.  In,  other  words,  a  large-droplet  fog 
with  a  given  liquid  water  content  will  yield  a  lower  extinc¬ 
tion  (higher  visibility)  than  a  small-droplet  fog  with  the  same 
liquid  water  content.  Eldridge  |I966|  suggested  that  the 
extinction  coefficient  (a)  and  the  liquid  water  content  (W) 
can  be  related  by  the  empirical  formula 
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Figure  I6-S4.  Time  series  of  aimospheric  extinction  cccfficieni  (l-inin  averages)  measured  at  the  57-m(A-^).  48-m(A-l50).  y^  intA-IOO)  and  16-m 
(A-50)  levels  of  lower  A  ^  at  the  ’-m  (x)  level  of  site  x  on  5  November  1978  during  fog. 


<T  =  I63W'’‘',  (16.35) 

where  (T  is  in  I /km  and  W  in  g/m’.  The  Eldridge  relationship 
was  derived  from  sornewhat  questionable  d'op-size  data  and 
would  probably  hold  true  only  id  a  highly  polluted,  foggy 
environment  such  as  might  occur  near  an  industrial  area. 

Kunkel  1I982].  using  1525  drop-size  distributions  from 
eight  advection  fog  cases,  arrived  at  the  following  formula: 

(r=l55W'”^.  (16.36) 

He  found,  however,  that  the  coefficient  varied  from  1 10  in 
a  lai'ge-droplet  fog  with  drizzle  to  253  in  a  small-droplet 
fog  and  the  exponent  varied  from  0.96  to  1.14.  For  all 
practical  purposes  a  linear  relationship  can  be  assumed,  but 
the  slope  will  depend  on  the  drop  size  distribution. 

(Thylek  |l978i  found  that  at  a’  .vavelength  of  II  pm 
there  IS  an  unambiguous  relation  between  the  extinction 
coefficient  and  the  liquid  water  content,  independent  of  the 
size  distribution,  in  fogs  with  droplets  up  to  28  pm  diameter. 
That  relationship  is  as  follows: 


o  =  I28W.  (16.37) 

Since  the  relationship  is  unique  to  all  fogs,  one  can 
determine  the  extinction  coefficient  at  a  wavelength  of  1 1 
pm  from  the  LWC  measurements  and  vice  versa. 

16.4.2.4  Modeling  of  Visibility  Distributions.  The 

Weibull  Dirtribution  has  been  used  for  Visibility 

F(x)  =  I  -  exp(-ax®).  (16.38) 

where  x  stands  for  visibility,  and  a  and  P'are  parameters. 
Estimates  for  a  and  p  are  made  to  minimize  the  sums  of 
squares  of  the  differences  between  the  model  estimates  f^(x) 
and  :he  cumulative  frequencies  pfx)  of  the  climatic  sum¬ 
maries. 

At  the  University  of  Central  Florida  [Somerville  et  al.. 
1979j  sets  of  values  for  a  and  p  have  been  determined  for 
each  of  the  eight  periods  of  the  day  in  each  month  at  some 
22  stations  around  the  world,  to  make  the  estimated  cu¬ 
mulative  distributions  Fix)  fit  the  data  for  some  15  visibil- 
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Figure  16^5.  Time  series  of  atmospheric  extinction  coefficient  at  the  same  levels  as  shown  iii  Figure  Ifi-M  (observations  taken  on  4  November  1978 
during  ground  fog). 


Table  16-37.  A  sample  of  cumulative  frequency  distribution  of  visibility 
in  kilometers.  (The  station  is  Bcdfo^!.  Mass..  January  noon¬ 
time  Probability  estimates  were  msdc  by  the  Weibull 
di.stributkin.  with  parameter  values  a  =  0.04679. 
B  =  0  81856.) 


Visibility 

(km) 

RUSSWO 

Frequency 

Mcxiel 

Probability 

0.4 

0.018 

0.022 

0.5 

0.028 

0.026 

0.8 

0.034 

0.038 

1.0 

0.053 

0.046 

1.2 

0.056 

0.053 

1.6 

0.072 

0.067 

2.0 

0.094 

0.080 

2.4 

0.099 

0.092 

3.2 

0.116 

0.115 

4.0 

0.135 

0.1.36 

4.8 

0.146 

0.1.56 

6.4 

0.184 

0.193 

8.0 

0.221 

0.227 

9.7 

0.2.54 

0.2.59 

16 

0..377 

0.365 

itie.s  (in  kilometer..)  corresponding  to  those  in  the  climatic 
summaries. 

A  simpler  method  for  solving  for  a  and  P  utilizes  the 
linear  relationship  between  fn(-(n|l  -  F(x)])  and  fnx. 
This  permits  a  solution  for  P  and  fnd  by  linear  regression. 
As  an  example,  at  Bedford,  Mass.,  in  January  at  noontime, 
a  and  p  were  found  to  be  0. 04079  and  0.81856,  respiec- 
tively;  the  resulting  visibility  probabilities  are  compared 
with  RUSSWO  data  in  Table  16-37. 
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The  atmosphere's  motions  defy  rigorous  classilieation 
or  modeling.  The  application  ol'  a  particular  feature  of  wind 
structure  to  a  given  engineering  problem  should  be  dictated 
by  its  physical  dimensions,  Extrapolation  of  data  beyond  its 
indicated  limitations  is  risky.  L(K’al  conditions  may  not  al-, 
ways  be  well  represented  by  the  data  in  this  chapter,  and 
may  prrxluce  extreme  wind  variations  in  excess  of  those 
presented,  even  when  the  local  wind  structure  is  free  from 
perturbations  sueh  as  fronts,  thunderstorms,  or  squalls.  The 
praeticing  engineer  should  avail  himself  of  applicable  liK'al 
meteorological  records  whenever  pirssible.  InIVrrmation  other 
than  that  given  below  is  available  through  the  various  na¬ 
tional  weather  services  and  the  World  Meteorologjc  il  Or¬ 
ganization  INOCD,  I98()|.  Special  studies  prepared  by  En¬ 
vironmental  Technical  Applications  Center  (ETAC)  or  Air 
Force  Geophysics  Laboratory  (APGL)  might  provide  the 
best  answers  for  specific  design  problems. 

The  measure  of  wind,  in  speed  and  direction,  presents 
an  immediate  problem  in  the  time  interval  for  the  oSer- 
vation  A  conventional  observation  of  wind  speed  is  the 
wind  travel  in  I  min.  .‘5  min.  or  1  h.  that  is.  the  1-min. 
5-min.  or  l-h  average.  The  current  standard  averaging  time 
period  in  the  Ifnited  States  is  I  min,  lo  England  and  Canada 
a  lO-min  period  is  customary  when  wind  speed  records  are 
available,  otherwise  the  averaging  perirxl  is  something  over 
LS  s.  However,  in  published  climatic  data,  hourly  (60  min) 
averaged  winds  are  often  given. 

As  might  be  expected,  the  variance  of  the  I -min  wind 
is  greater  than  the  .‘'-min,  which  in  turn  is  greater  than  that 
of  the  l-h  wind,  but  not  signilicanliy  so.  On  the  other  hand, 
wind  speeds  of  shorter  duration  than  I  min  are  sutiject  to 
significantly  greater  variability.  When  the  wind  speeds  peak 
between  lulls,  in  20  s  or  less,  they  are  conventionally  termed 
a  II  sis. 

17.1  WIND  AS  A  FUNCTION  OF  HFJGHT 

A  major  problem  w  ith  pooling  the  various  -.urface  wind 
obscrvaiicns  is  in  the  determination  of  the  N'st  method  or 
model  for  adjusting  w  ind  speeds  to  a  common  height  abov.- 


the  surface.  Once  established,  however,  the  model  formula 
can  be  used  to  describe  wind  speed  and  gusts  along  a  vertical 
profile  in  the  lowest  .SO  or  100  m  of  the  atmosphere. 

Wind  flows  in  response  to  pressure  gradients  in  the  at¬ 
mosphere.  Sueh  pressure  gradients  change  slowly  with  al¬ 
titude.  negligibly  within  the  first  100  m.  Yet  the  changes 
in  wind  speed  with  height  are  pronounced.  Air  motion  near 
the  surface  does  not  obey  the  simple  pressure  gradient  law. 
Anemometers  near  the  ground  may  be  hardly  turning,  whereas 
those  on  tall  buildings  or  towers  may  show  mixfentcly  strong, 
gusty  winds.  Kites  may  be  difficult  to  launch,  but  once 
several  hundred  u:cl  high,  they  may  fly  without  difficulty. 

Friction  caused  by  terrain  is  one  of  the  main  factors 
affecting  tiie  horizontal  wind  speed  up  to  an  altitude  known 
as  the  gradient  level.  At  this  height.  .TfX)  or  6<K)  m,,the 
pressure  gradient  is  said  to  be  dynamically  balanced  against 
two  other  influences:  the  earth's  rotation  and  the  curvature 
of  the  wind  path.  A  theoretical  wind  speed  that  closely 
approximates  the  observed  wind  at  gradient  height' can  be 
computed  from  the  isobaric  spacing  and  curvature  on  surface 
weather  maps. 

The  height  of  the  gradient  level  and  the  velocity  profile 
up  to  that  level  vary  greatly,  mainly  with  the  type  of  surface 
and  the  stability  of  the  air.  .Stability  is  cbiefly  a  function  of 
the  temperature  structure  in  the  boundary  layer.  One  extreme 
of  temperature  structure  is  represented  by  a  super  adiabatic 
lapse  rate  in  which  temperaturi.  decreases  rapidly  with  al¬ 
titude  so  that  air  displaced  upward  will  continue  upward 
because  it  is  warmer  than,  its  suroundings.  Tnc  opposite 
extreme  is  a  negative  lapse  rate  or  inversion,  in  which  'em- 
peraturc  increases  with  height,  so  that  air  cfisplaccu  up'  ard 
is  ctx'Icr  than  its  surroundings  and  tends  to  sink  back  to  its 
orig-nul  level.  A  neutral  condition  (adiabatic)  exists  when 
the  temperature  lapse  rate  is  such  that  a  parcel  of  air  dis¬ 
placed  vertically  will  experience  no  buoyant  accelcratiop. 
In  general,  a  neutral  lapse  latc  is  established  by  the  turbulent 
mixing  caused  by  strong  winds  at  the  surface 

A  popular  model  for  the  shifi  of  wind  speed  and  ilirection 
with  altitude  in  the  boundary  layer,  originally  developed  for 
ocean  depth,  is  termed  the  Hkman  .Spiral.  Since  its  intro¬ 
duction.  micmmeteorologists  have  studied  the  energy  traps- 
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Table  17-1  kalio  ol  wiiul  v|x.vil  at  height  H  ti»  speed  at  'll  m  over  open 
prairie  obiaineU  Junne  the  (ireal  IMams  Turhiilenee  l  iek 
priJeram. 


Table  17-2.  Tvpieal  values  of  the  nuijihrK'ss  parurwier.  H., 


11 

( meters ) 

Lapse  Rate 
(dt  dz  <  0) 

V„  V,., 
Inversion 
(dt  dz  >  0) 

Isothermal 
(dt  dz  =  0) 

91 

l.(HK) 

1.0(H) 

l.(NX) 

.^0 

O.Ob.S 

0.6X9 

0.872 

21 

0.944 

O.fiOX 

0.829 

l.'i 

0.9  l.S 

O-.'s.lX 

0.792 

9 

(I.XWi 

0.4.‘S2 

0.7.1.1 

6 

0.82.‘i 

0,40.1 

0.686 

0.749 

(I..1.19 

0.604 

\.5' 

0.662 

().27.‘i 

0..SI8 

0,6 

0..S.‘i6 

0.2.11 

0.424 

0,.^ 

0.470 

0.2(K) 

0..1.16 

0.1. 

0.^8.^ 

0.166 

O.KK) 

I 


I'er  and  dilYusion  phenomena  in  the  h<iundary  layer  and  have 
found  improved  empirical  relationships  to  lit  wind  speed 
data  gathered  at  various  heights  above  ground.  Table  17-1 
shows  the  ratio  of  w  ind  speed  at  varuius  heights  to  that  at 
91' m  over  open  prairies.  Values  are  based  on  actual  wind 
nKasuretnents  taken  during  the  Great  Plains  Turbulence  Field 
Program  conducted  at  O'Neill  Nebraska  |l.ettau  and  Dav¬ 
idson.  |9.‘I7|.  The  ratios  are  shown  for  typical  daytime  lapse 
rates  (dT/d/  <  (I).  night-time  (dT/d/  >  !))  and  for  isi>- 
theniial  conditions  (dT/d/  =  ()». 


17.1.1  Variation  of  Wind  Speed  with  Height 
(Lowest  100  m) 

Two  alternative  classes  of  iikhIcIs  have  been  used  to 
estimate  the  increase  of  wind  speed  w  ith  height:  lof;ariihmic 
and  power  models. 

In  one  logarithmic  model 


V  <1  +  M)  ,  (I  +  H,» 


V  is  the  mean  w  ind  speed  at  height  H.  V,  is  the  mean  wind 
speed  at  the  reference  level  11,  (anemometer  level),  and  H„ 
is  the  roii’^hu’s^  paranu  ier  a  lengtfi  determined  by  the  char¬ 
acteristic  ground  surface.  The  boundary  condition  at  II  -  0 
is  y  --  0  This  model  has  the  advantage  that  the  effect  of 
terrain  is  included  explicity.  Typical  values  for  H,.  arc  given 
in  Table  17-2.  Table  17-^  lists  V/V,  lor  a  variety  of  rough¬ 
ness  parameters  H„.  or  two  re'erence  levels,  and  for  various 
heights  H.  , 

In  the  simplest  power  model  the  mean  wind  speed  V  at 
height  H  is  approximae.-d  by 


Type  of  .Surface 

H„  (cm) 

Snuxith  (mud  Hats,  ice) 

0.(KH)9 

Lawn,  grass  up  to  1  cm 

0.09 

IXrwnland.  thin  grass  up  to  10  cm 

0.61 

Thick  grass,  up  to  10  cm 

2,2.“! 

Thin  grass,  up  to  240  cm 

4.9 

Thick  grass,  up  to  240  cm 

9.1 

where  the  exponent  p  depends  on  the  height,  terrain,  thermal 
stratilieation  and  speed  of  the  dverall  airflow.  The  parameter 
p  is,  larger  for  rough  ground,  for  altitudes  below  H,.  and 
for  relatively  small  V , .  It  varies  w  ithin  limits,  approximately 
O.O.S  to  0.8.  and  averages  between  0.1  and  0..f.  Table 
17-4  lists  mean  values  of  p.  determined  for  several  livations 
and  two  types  of  terrain.  Table  I7-.S  lists  mean  values  of  p 
that  were  determined  for  typical  daytime  (dT/dz  <  0)  n'ght- 
time  (dT/dz  >  0).  and  isothermal  conditions  in  the  lowest 
9  m  over  open  prairie  country  (Great  Plains  Turbulence  Field 
Program).  The  exp*>nent  p  is  larger  when  there  is  a  stabi¬ 
lizing  inversion  and  smaller  when  there  is  a  positive  lapse 
rate.  According  to  SherliKk  |I9.S21  a  typical  value  for  p  is 
1/7  (or  0.14.^),  Harly  workers  had  recognized  that  his  p- 
value  was  applicable  to  typical  steady  or  mean  winds  but 
not  applicable  to  gustiness.  Sherkvk  |  I9.S2|  noted  that  gusts 
were  better  described  with  a  value  of  p  =  0.t)62.S.  Shelltlrd 
I  l9b.S|.  in  reducing  high  wind  speeds  and  gusts  to  a  common 
height  of'IO  m.  used  Equation  (17.2)  with  p  -  0.17, for 
mean  speeds  and  O.OH.S  for  gusts. 

A  special  study  was  made  with  data  from  thc'  Windy 
Acres  Project  |lzumi.  1971  j  consisting  of  .W  h  of  l-s  wind 


Table  I7-.1 

Ralios  o!  winJ 

at  hoiL’hl  H  lo  wiml 

at  hciL’hl  Ht  ti*r 

rclcrcncc  IcnoK 

and  three  roughness 

parameters  H...  ealeu* 

latcii  b\  Kqualii 

n  (17  1) 

H 

(m) 

Hu  =  .10  cm 

Hu  -  .1  cm 

Hu  =  0..1  cm 

v.v 

for  H,  =  6  m 

1(H) 

1.91 

L.S.l 

I..17 

10 

1.16 

1.10 

1.07 

1 

0.48 

0.67 

0.76 

0..b 

0..12 

0..‘14 

0.67 

■  V-'V, 

for  H|  =  .1  m 

100 

2.42 

1.76 

l..‘H 

10 

1.47 

1.26' 

117 

1 

0.61 

0.77 

().  84 

()..1 

0.41 

0  62 

0.74 
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Tahk*  17-4  Mv'un  vaiuo  lor  hciiihfs  raniiin^  th*m  HHo  MKImot  cxpyincnl 
p  tn  HqualuKi  <  I7.2). 


LiK'ation  and  Terrain 

P 

Fairly  l.cvcl  ()pcn  Country 

Ann  .Arbor.  Michigan 

0.14 

Sale.  Victoria.  Australia 

O.ln 

Cardington.  Bedfordshire.  England 

0.17 

Lealicld.  Oxfordshire.  England 

0.17 

Fairly  Level  WiHKietl  Country 

(^uickbom.  (ierntuny 

O.2.? 

Upton.  I.ong  Island.  New  York 

0.26 

Akron.  Ohio 

'  0.22 

speeds,  taken  in  the  summer  of  l%8.  at  8  he-<jhts  on  a 
^2  m  tower  in  southeast  .Kansas.  The  terrain  was  very  Hat 
and  partly  covered  with  wheat  stubble  16  to  22  cm  tall.  The 
l-s  wind  was  never  more  than  l.‘5..1  m/s.  Figure  17-1  (right 
side)  presents  resulting  isopleths  of  p  as  a  function  of  wind- 
speed.  from  l-s  winds  including  gusts  to  l-h  integrated  wind 
speeds.  The  exponents  p  were  h'und  for  wind  speeds  of  the 
same  probability,  from  level  to  level,  as  opposed  to  the 
mean  wind  speed.  Nevertheless  previous  results  were  sup¬ 
ported.  There  is  a  systematic  decrease  of  p.  from  0.7  down 
to  0.12.  with  increasing  w-nd  speed  tor  cither  I  s  l-min. 
.S-min  or  I  -h  winds,  when  the  lower  90/?  of  the  wind  saecds 
are  considered.  For  winds  equal  to  or  greater  than  the  9()th 
percentile,  the  exponent  p  is  almost  uniforrji  at  0. 12  except 
for  gusts  or  short-duration  winds  of  I  min  or  less.  The  Windy 
Acres  winds  became  turbulent  above  the  95/?  speeds.  In 
gusts,  the  value  of  p  varies  from  0. 1 1  down  to  0.08.  sug¬ 
gesting  a  tendency  toward  a  common  speed  throughout  the 
turbulent  layer. 

Equation  (17.2)  can  be  used  to  standardize  the  height 
of  the  wind  data  of  individual  stations  to  one  level  even 
though  they  have  differing  anemometer  levels.  In  the  pub- 
lic'ition  "Climatic  Extremes  tor  Military  Equipment"  {MIL- 
STD-2 1  OB  j  the  value  i)f  the  exponent  p  was  adopted  at  0. 125 
when  the  wind  is  strong  but  steady,  and  at  0.08  when  the 
wind  is  strong  and  gusty. 

The  validity  of  a  wind  extrapolation  to  another  height 
is  dependent  on  the  representativeness  of  the  wind  pica- 
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Figure  17-1  A  fH>nmgnim  to  «»Nuin  vkindspecUs  of  duriition  I  lo  K)00  % 
ui  a  height  of  I  to  M  m  tThe  right  hand  side  of  the  Nt>m- 
ogram  shows  the  exponent  tpi  in  the  wind  power  model 
(Ht|uation  17. 2)  us  a  function  of  the  duration  t)f  the  wind, 
including  I'min.  5‘min.  and  l-h  avereges.  and  as  a 
function  of  the  stret  gth  of  the  wind  tin  pcrcentilesi  lA*fi- 
hand  side  shows  peixeniiies  of  I -mm  windspeed  as  a  func¬ 
tion  of  height  aN>vc  ground  level  ) 

surement  at  the  reference  level.  If  the  anemometer  mast  is 
in  a  poorly  detined  terrain,  the  use  of  the  wind  profile  for¬ 
mula  is  questionable.  Uniformity  of  the  terrain  would  im¬ 
prove  the  result.  Winds  observed  with  a  land-based  ane¬ 
mometer  cannot  be  used  to  estimate  th'’  wind  speed  over 
an  adjacent  water  surface.  In  certain  cases  the  wind  speed 
over  terrain  may  attain  a  maximum  speed  at  g  level  signif¬ 
icantly  below  1(X)  m.  Such  cases  usually  ‘Kcur  in  cold  air 
flow,  for  example,  nocturnal  down-slope  winds  or  sea  breezes. 


17.1.2  Wind  Direction  Shifts  (Below  3000  m) 

Normally  wind  direction  changes  with  height.  Changes 
in  direction  with  height  are  termed  veering  if  the  wind  turns 
clockwise  and  hacking  if  the  wind  turns  counter  clockwise. 
Veering  is  usually  expressed  as  the  rate  of  turning  in  degree 
per  height  intervals  (negative  for  backing). 
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CHAPTER  17 

Wind  direction  shifts  with  height  are  caused  by  surface 
frictional  effects  and  by  height  changes  of  the  horizontal 
pressure  patterns  controlling  the  mean  airflow.  The  follow¬ 
ing  discussion  excludes  such  phenomena  as  slope  winds, 
land  and  sea  breezes.  niKtumal  low-level  airflow  conditions 
in  the  equatorial  zone,  and  rapid,  small-scale  wind  fluctua¬ 
tions. 

In  the  free  atmosphere,  the  mean  horizontal  airflow  is 
a  gradient  wind,  approximately  parallel  to  the  isobars,  the 
lower  pressure  being  to  the  left.  Surface  fric'ion  reduces  the 
speed,  causing  a  contponent  of  the  surface  wind  to  blow 
across  the  isobars  toward  lower  pressure.  Thus  the  wind 
direction  changes  w  ith  height  to  align  itself  with  the  gradient 
wind  in  the  free  atmosphere. 

To  a  first  approximation,  it  can  he  said  that  under  stnvng 
nK-an  w  ind  corKlitions  in  the  Nortliem  Hemisphere,  the  winds 
will  veer  with  height  in  the  lower  KXK)  m.  the  magnitude 
of  the  veering  being  deteniiin'ed  by  the  intensity  of  thermal 
advection  processes.  Warm  air  advection  increases  veering, 
and  told  air  advection  cither  decreases  the  magnitude  of 
frictional  veering  or  causes  backing  of  the  winds. 'The  con¬ 
ditions  for  veering  and  hacking  are  reversed  in  the  .Southern 
Hemisphere  North  of  approximately  2(fN  latitude,  winds 
in  the  lowest  lOtH)  m  of  the  atmosphere  will  usually  display 
varying  degrees  of  veering  With  relatively  few  cases  of  back¬ 
ing  Southerly  surface  winds  will  '’eer  more  with  height 
than  northerly  surface  winds.  AKo’c  approximately  l(HX) 
m.  southerly  winds  will  continue  to  veer  with  height,  while 
northerly  winds  will  begin  to  show  backing  with  height. 

Tables  17-6.  17-7  and  17-8  indicate  the  order  of  mag¬ 
nitude  of  veering  with  associated  general  meteorological 
conditions.  Because  no  advection  is  permitted  for  the  sit¬ 
uation  dt  cribed  in  Tabh;  17-6.  the  veering  with  height  is 
almost  constant  and  represents  the  gradual  decrease  of  the 
surface  frictional  effect  with  height.  Once  the  gradient  level 
ol  the  tree  atmosphere  is  reached,  frictional  effects  and 
hence  veering  become  negligible  in  the  case  of  no  advection. 
Strong  surface  w  inds  generally  make  an  angle  with  the  gra¬ 
dient  wind  of  10'  to  .t0°;  this  is  the  overall  veering  found 
in  the  frictional  layer  of  the  atmosphere  when  little  or  no 
advection  exists.  The  direction  of  the  surface  Wind  is  in¬ 
significant.  Total  veering  <>ver  the  entire  layer  of  frictional 
influence  depends  primarily  on  the  roughness  characteristics 
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Altitude 
( loom) 

Coastal 

Plains 

Rolling 

Country 

Hilly 

l.and 

9.0  to  15.0 

0 

Anylc  (deg) 

2 

6.0  to  9.0 

2 

5 

1(1 

.VO  to  6.0 

10 

17 

25 

1.5  U)  .VO 

TT  ’ 

.40 

46 

O.Oto  1.5 

29 

46 

44 

9,0  to  15.0 

0.4 

Veering  (deg'l(X)m) 
0.7 

l.() 

6.0  to  9.0 

0.7 

2.0 

4.9 

.VO  to,  6.0 

4..^ 

5.9 

5.2 

1.5  to  VO 

4.9 

4.6 

4.4 

O.Oto  1.5 

4.9 

4.0 

4.4 

of  the  earth  surface:  the  average  for  oceans  is  5°  to  15”.  for 
continents.  25”  to  45°.  The  average  veering  is  usually  greater 
in  winter  than  in  summer,  and  greater  at  northern  stations 
than  at  southern  stations.  The  averaging  process  masks  the 
variability  of  veering  that  would  be  encountered  with  iso¬ 
lated  observations  in  time  and  space.  In  the  first  IfXX)  m  of 
the  atmosphere,  however,  the  importance  of  the  general 
direction  of  the  surface  wind  in  obtaining  reasonable  esti¬ 
mates  of  veering  appears  doubtful.  Above  this  layer  south¬ 
erly  winds  veer  with  height,  northerly  winds  back  with 
height.  Maximum  values  of  veering  in  the  frictional  layer 
are  near  yiM)  m;  isolated  cases  of  backing  of  the  same  order 
of  magnitude  are  observed. 

In  summary,  the  average  total  veering  (or  backing)  in 
the  lower  l(XK)  m  is  20°  to  40”.  with  isolated  cases  of  70” 
to  90”.  To  a  first  approximation,  it  may  be  assumed  that 
this  veering  (or  backing)  is  evenly  distributed  throughout 
the  layer.  Above  this  layer,  primarily  dependent  on  hori¬ 
zontal  advection  conditions,  winds  will'  show  veering  or 
backing  with  approximately  the  same  average  order  of  mag¬ 
nitude  as  in  the  friciional  layer. 
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Altitude 

(l(K)pi) 

Average  Speed 
(m's) 

Angle* 

(deg) 

Veering 

(deg.'l(K)m) 

60  to  9.0 

IS 

7 

2.4 

4.0  to  6,0 

16 

15 

2.6 

15  to  4.0 

14 

21 

2.6 

0,0  to  1.5 

9 

25 

2.4 
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17.1.3*  Diurnal  Variation  anr*  Low-Level  Jet 
Streams  (below  2000  m) 

The  mi*an  diurral  variation  of  wind  speed  at  various 
heights  ab<  VC  any  given  site  is  caused  by  diurnal  variations 
of  both  the  horizontal  pressure  gradient  force  and  the  fric- 
titinal  force.  The  regular  variations  of  the  former  are  con¬ 
trolled  by  tid  d  effects  (solar  and  lunar)  which  prixluce  pre- 

*This  is  based  on  the  section  by  H.  H.  l.ettau  and  D.  A. 
Haugen  in  the  Haiidhiuik  of  (h'i>physic\  for  Air  Force  /)<■- 
signers.  1957. 
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Table  I7-H  A\erai;e  %ecrinj|!  ulej:  IIHI  ml  lor  varimiv  randies  of  hei|:hl:  meam  ( 1*1  IK  to  I’f’Ol  lor  three  stations  in  I  S  A  in  the  latitude  /one  .'I  to  th 
laserajte  Ni.  and  three  m  lalituile  /oik-  4(r  io4S’  ias'era{!e  4f  Ni  |('ondensed  Inmi  W  R  Cirep;'.  I‘l2il  | 


dominantly  a  1 2-hourly  wave,  anel  by  dilTcamtial  solar  licating 
of  the  air  over  different  locations  and  subsequent  hori/ontal 
density  gradients.  In  the  trojKisphere  the  ti<'al  motions  of 
the  atmosphere  are  small  (range  less  than  0.5  m/s).  TTie 
barometerie  effects  of  differential  solar  heating  prtxiuce 
marked  diurnal  uind  variations  only  in  special  liKations 
(along  coast  lines  and  the  rims  of  extended  high  plateaus). 
()v»-r  most  parts  of  the  continents,  the  diurnal  variation  of 
wind  speed  is  controlled  by  the  horizontally  uniform  effects 
of  the  cycle  of  solar  heating  and  niKtumal  ciNiling  of  the 
earth's  surface.  Ci'nsequent  changes  in  (he  vertical  thermal 
stratification  of  the  atmosphere  at  KXK)  to  2(K)()  m  signifi¬ 
cantly  influence  the  effective  frictional  force  in  large-scale 
air  flow  . 

()ver  relatively  smooth  land  the  daytime  thermal  strat¬ 
ification  intensifies  (he  vertical  mixing  and  the  nivtumal 
thermal  stratification  weakens  i(.  This  causes  a  wind  speed 
maximum  near  the  ground  at  about  mid-aftem<H>n  and  a 
minimum  in  the  early  morning  hours.  As  seen  in  Figure 
17-2.  the  phase  of  diurnal  wind  variation  is  reversed  ap¬ 
proximately  l()0  m  above  the  ground,  a  level  that  varies 
with  climatic  zone,  season,  and  surface  roughness  from, 
100  to  2(X)  m.  The  amplitude  of  the  diurnal  variation  of 
wind  speed  normally  has  two  maxima,  at  approximately  6 
and  600  m.  The  vertical  extent  of  such  diurnal  variation 
varies  roughly  as  the  vertical  extent  of  convective  activity 
(2(XK)  m). 

Over  the  midwestem  United  States  the  niKturnal  max¬ 
imum  of  wind  speed  above  approximately  IfK)  m  frequently 
leads  to  a  sharp  peak  of  the  vcliK'ity  profile  at  heights  of 
.100  to  ‘/(X)  m.  The  peak,  usually  at  the  top  of  the  nocturnal 
inversion,  is  significantly  stronger  (supergeostropic)  than 
explained  by  a  balance  between  the  horizontal  pressure  gra¬ 
dient  aiid  the  Coriolis  forces;  it  is  often  asstKiated  with 
extremely  laige  values  of  wind  shear.  These  peak  winds  arc 
called  low  -le\el  jel  streams.  The  supergeostniphic  wind  speeds 
(peak  speeds  up  (o  26  m/s  in  a  pressure  field  resulting  in 
10  to  l.'i  m/s  of  geostrophic  speed)  suggest  that  an  inertial 
oscillation  of  the  air  masses  is  induced  w  hen  the  constraint 
imposed  by  tie  daytime  mixing  is  released  by  the  initiation 


of  stable  themiai  stratification  near  sunset.  Average  wind 
profiles  showing  the  development  of  a  low-leVel  nrK'tumal 
jet  stream  over  O'Neill.  Nebraska,  are  given  in  Table 
17-9.  A  particularly  large  value,  of  wind  ypeed  variation 
with  height,  recorded  during  the  development  of  a  low-level 
jet  stream,  was  obtained  by  kite  observation  at  Drexel.  Ne¬ 
braska  on  the  night  of  18  March  1918;  .he  surface  wind 
speed  was  26  m/s.  but  at  an  elevation  of  2.18  m  the  reported 
wind  speed  was  .16  m/s.  yielding  an  average  shear  of 
0.14  s'. 
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jbic  I?-*).  Average  vmnd  profiles  (speed  and  direeinm  jA  varuSus  heightsl  shoeing  developiiK'ni »»(  mKiumal  low-level  jet  siaMni  (Average  of  live  nights 
of  »»hser\alions.  Great  Plains  Turbulence  Field  l*rograni.  O'Neill.  Nebraska  i 


Mean  LtK'al  Time 

IK(X) 

20(K) 

2200 

24(X) 

'Icight  . 

Speed 

Dir. 

Speed 

Dir. 

Speed 

Dir. 

Speed 

Dir. 

(km) 

(m/s) 

(deg.) 

(m/s) 

(deg.) 

(m's) 

(deg.) 

(ni/s) 

(deg.) 

2.0 

6.1 

223 

4.3 

225 

3.5 

223 

3.1 

231 

I.K 

7.2 

219 

5.0 

226 

4.0 

227 

3.4 

2.33 

1.5 

9.4 

213 

K.3 

225 

5.6 

229 

5.0 

232 

1.2 

10.9 

207 

12.3 

217 

lO.K 

225 

K.9 

223 

0.9 

11.6 

194 

14.7 

202 

13.9 

.  211 

13.1 

219 

o.« 

11.7 

I9<) 

15.5 

193 

15.9 

204 

16.2 

213 

0.6 

11.6 

IK2 

I5.K 

190 

17.2 

196 

19.6 

203 

0.3 

lO.K 

177 

14.7 

I7K 

IK.O 

IS3 

IK.9 

IK9 

0.2 

9.7 

174 

13.6 

171 

14.9 

■ 
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15.1 

IK.3 

0.1 

9.2 
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12.2 
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12. K 

170 

12.9 
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' 
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Dir. 
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Speed 
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(m/s) 

(deg.) 

(m/s) 

(deg.) 

2.0 

4.0 

227 

3.7 

214 

3.3 

20K 

4.5 

20K 

I.K 

4.2 

226 

3.9 

220 

3.7 

212 

4.9 

20K 

1.5 

5.4 

226 

4.5 

227 

4.K 

213 

6.2 

204 

1.2 

K.5 

227 

K.O 

22K 

6.7 

2IK 

K.3 

20.3 

0.9 

13.5 

224 

12.1 

22K 

10.5 

220 

11.2 

21.3 

OK 

16.5 

219 

,  14.5 

225 

12.7 

220 

12.4 

215 

0.6 

IK.9 

' 

211 

17.5 

217 

15.6 

' 

217 

I3.‘) 

215 

0.5 

19.9 

203 

IK.9 

209 

17.2 

213 

15.9 

213 

0.3 

19.0 

196 

IK.7 

199 

17.3 

204 

14.0 

204 

0.2 

17.1 

IK9 

16.2 

191 

14.5 

195 

12.6 

195 

O.i 

13.4 

IK7 

13.9 

1K9 

12.7' 

191 

II. K 

191 

Over  the  ocean,  the  diurnal  variation  of  wind  speed  is 
negligible  because  diurnal  variations  in  thenmal  stratifica¬ 
tions  are  extremely  small.  In  coastal  regions  where  land 
and  sea  breezes  are  experienced,  the  amplitude  and  phase 
of  the  diurnal  variation  of  wind  speed  are  comparable  with 
those  over  land.  A  reversal  of  phase  with  height  is  ques¬ 
tionable.  however.  The  vertical  extent  of  the  sea  breeze  is 
nxighly  1000  m.  the  land  breeze  roughly  500  m,  the  over¬ 
all  land-sea  breeze  system  including  return  flow,  about 
3000  m. 

In  mountainous  regions,  the  daytime,  up-slope  valley 
winds  ( I  to  3  m/s)  are  normally  stronger  than  the  night-time 
down-slope  mountain  winds  (0.2  to  2  rn/s).  The  mean  am¬ 
plitude  of  the  variation  decreases  very  slightly  with  height. 
A  reversal  of  phase  with  height  is  iKCasionally  found.  The 
vertical  extent  of  the  valley  breeze  is  about  that  of  the  height 
of  the  surrounding  ridges,  the  mountain  breeze. ' 60  , to 
100  m.  The  whole  system  extends  about  .300  m  above  the 
height  of  the  ridges. 

The  various  features  of  kKal  wind  variation  discussed 
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here  <Kcur  quite  frequently.  In  general,  they  are  easily  ob¬ 
served  during  conditions  of  clear  skies  and  light  to  moderate 
intensity  of  the  large-scale  airflow.  It  should  be  remem¬ 
bered.  however,  that  when  the  diurnal  variations  arc  not 
'  readily  observed,  it  may  be  because  they  are  superimposed 
on  the  large-scale  airflow.  Empirical  wind  structure  models 
not  accounting  for  possible  diurnal  variations  could  then  be 
in  error. 


17.2  LARGE  SCALE  WIND  STRUCTURE 

This  section  provides  information  on  the  vertical  and 
horizontal  distribution  of  w  inds  for  altitudes  up  to  90  km. 
The  wind  data  for  altitudes  up  to  alxiut  26  km  are  based  on 
mutine  rawinsonde  observations  taken  by  the  National 
Weather  Service  (NWS).  The  r(Kit  mean  square  (rms)  ob¬ 
servational  errors  in  vector  w  ind  measurements  using  FPS- 
16.  T-19.  or  similar  tracking  radar  for  altitudes  up  to  26 


km  are  1  m/s  plus  2'^-  the  vector  wind  speed.  The  infor¬ 
mation  presented  on  winds  between  26  and  6()  km  was 
obtained  from  Meteorological  R(Kket  Network  (MRN)  ob¬ 
servations.  Most  of  the  available  observations  art  for  lo¬ 
cations  in  the  Northern  Hem.:;phere.  The  estimated  rms 
observational  errors  at  these  altitudes  are  2  m/s  plus  3*^  of 
the  vector  wind.  The  wind  distribution  at  altitudes  between 
60  and  90  km  are  based  on  data  obtained  from  grenade  and 
inflatable  falling  sphere  experiments.  The  estimated  ms 
eirttr  for  the  falling  sphere  observations,  which  make  up  the 
largest  portion  of  the  data,  is  2  to  3  m/s  between  6(>  and 
90  km. 


17.2.1  Seasonal  and  Day-to-Day  Variations 

The  broad  features  of  the  seasonal  change  in  winds  be¬ 
tween  the  surface  and  90  km  are  reasoiably  well  establisiiwd. 
Figure  17-3  is  a  meridional  cross  section  of  the  observed 
mean  monthly  zonal  wind  components  for  January  and  July 
fmm  the  surl'ace  to  80  km.  The  seasonal  change  in  the 
stratospheric  and  mesospheric  wind  fields  differs  from  tro¬ 
pospheric  seasons  in  timing  and  length  of  season.  At  middle 
and  high  latitudes,  long  periods  of  easterly  and  westerly 


meridional  components  (Figure  17-4)  are  less  variable  and 


flow  are  separated  by  shorter  periixls  of  transition  as  shown 
by  the  curves  of  the  mean  monthly  .‘'O-krn  zonal  wind  com¬ 
ponents  in  Figure  17-4  for  White  Sands,  32°N.  Wallops 
Island.  38  N.  and  Ft.  Churchill.  59‘N.  The  mean  monthly 


maintain  a  slight  southerly  (positive)  component  at  most 
IcKations  throughout  the  year. 

,  Proli'es  of  mean  monthly  zonal  wind  speeds  (m/s)  for 
each  of  the  midseason  months  at  Ascension  Island.  Wallops 
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Figure  l7-5a.  ScasDnul  clfcciv  on  ihe  zonal  wind  prolilcs  al  Ascension  island.  Wallops  Island  and  Fl  Churchill 


Island  and  Fort  Churchill,  t'roni  a  report  by  Kantorand  Cole 
I  I9S0|  are  plotted  in  Figure  1 1-5  for  altitudes  up  to  W)  km. 
The  seasonal  variations  in  the  mean  monthly  zonal  winds 
are  largest  at  Wallops  Island,  a  midlafitude  hKation.  and  at 
altitudes  above  .M)  km.  The  largest  day-to-day  variations 
around  the  mean  monthly  values  (Figure  17-6)  occur  during 
the  winter  months  at  altitudes  above  20  km  at  middle  and 
high  latitudes. 
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17.2.2  Time  and  Space  Variations 

The  change  and  movement  of  pressure  patterns  in  the, 
atmosphere  cause  standard  wind  observations  (for  example, 
the  mean  wind  over  1  min)  to  vary  frtim  time  to  time  at  a 
given  place,  and  from  place  to  place  at  a  given  time.  In 
general,  as  shown  in  Figure  17-7.  the  amount  of  change  in 
wind  between  two  observations  increases  with  the  time  in- 


iP, 

A 


SPACE  INTERVAL 

Figure  17-7.  istiplcths  of  time  arid  space  variabilities  of  changes  in  the 
mean  vector  wind  with  ultitude:  the  mis  (6.Vd  percentile) 
values,  in  kilometers,  of  obser  eJ  changes  for  varit>us  tinv* 
lags  betvseen  observations,  and  of  derived  changes  for  var¬ 
ious  distances  are  given  on  cat’i  curve  ir.Ilsacsscr.  I96()|. 

Observations  of  VHP  and  UHF  radar  backscattcr  from 
turbulence  in  the  clear  atmosphere,  conducted  at  several 
locations  during  the  past  several  years,  permit  much  more 
detailed  measurement  of  the  time  variation  of  vector  winds 
than  was  previously  attainable.  Depsnding  on  the  radar 
wavelength  and  the  pcwer-apeniire  product  |Gage  and  Bal- 
sley,  1978|,  measurements  are  obtainable  from  near  the 
surface  to  an  altitude  of  about  100  km.  Several  radars  which 
were  originally  designed  for  ionospheric  research  have  been 
used  for  observations  cf  the  neutral  (non-ionized)  atmo¬ 
sphere.  anJ  a  few  radars  have  been  built  specifically  for 
tropospheric  and  straiospheric  wind  measurements.  The  lat¬ 
ter  include  NOAA  radars  in  Colorado  and  Alaska  and  the 
SOUSY-VHF-Radar  operated  by  the  Max-Planck-lnstitut 
fur  Aeron^'mie  in  the  Federal  Republic  of  Germany.  Ex¬ 
amples  of  data  are  presented  by  Green  et  al.  1 1979],  baisley 
and  Gage  |I980).  Rottger  |I979|,  and  in  r  unerous  other 
publications.  A  radar  of  this  type  has  been  incorporated  into 
the  NOAA  Prototype  Regional  Observation  and  Forecasting ' 
System  (PROFS). 

Several  measures  of  wind  variability  are  possible.  The 
most  useful  measure  is  the  (RMS)  of  the  vector  change  in 
wind;  others  commonly  used  are  the  mean  and  the  median 
absolute  vector  differences.  All  of  these  are  scalar  measures 
computed  from  the  magnitudes  of  the  difference  vectors. 
They  arc  related  in  a  circular  normal  distribution  which  is 


WINDS 

usually  a  good  approximation  to  the  frequency  distribution 
of  wind  changes. 

17.2.2.1  Time  Variability  up  to  30  km.  The  time  rate 
of  change  of  wind  in  the  frictional  layer  is  affected  by  the 
topography  and  the  thermal  structure.  The  results  in  Table 
17-10  an  for  steady  southerly  flow  conditions  from  seven 
observational  periods,  all  but  one  of  which  extended  over 
24  h  (pilot  balloon,  rawinsonde,  and  smo^'-puff  observa¬ 
tions  are  combined).  The  effect  of  thermal  stratifleation  is 
indicated  by  comparision  of  the  day  and  night  values  for 
time  differences  up  to  8  h. 

The  change  in  wind  variability  above  the  frictional  layer 
with  increasing  time  between  observations  and  with  altitude 
is  illustrated  in  Figure  17-7.  Figure  17-8  shows  the  effect 
of  latitude  and  season  for  a  24-h  lag  between  wind  obser¬ 
vations. 

For  relatively  short  periods  during  which  the  pattern  of 
the  Winds  is  fairly  stable,  the  variability  of  the  wind  is  given 
directly  by 

S,  =  Kt^  (17.3) 

where  S,  is  the  rms  change  in  wind  during  the  interval 
t.  and  K  is  a  constant.  The  exponent  p  depends  on  r,,  the 
rorrelaiion  coefficient  between  winds  separated  by  the  time 
interval  t.  At  short  lags  where  r,  is  I ,  p  is  T,  at  greater  lags 
where  r,  is  0.  p  is  0.5.  For  t  in  hours  and  S,  in  m/s 

S,  =  1.8t"*  (17.4) 

is  a  suitable  generalization  for  middle  latitudes  and  for  lag 
intervals  of  .^0  min  to  about  12  h.  Although  this  empirical 
relation  is  an  acceptable  aver  ige.  K  actually  depends  on  the 
mean  wind  speed.  The  mea  i  wind  varies  with  season,  al- 
litu^'e,  and  geographic  locaiio.n  (see  Figure  17-5);  hence, 
values  of  K  other  than  1 .8  will  rii  some  occasions  be  more 
applicable  to  engineering  problems.  Values  of  K  from  1.5 
to  '6..^  are  tabulated  by  Arnold  and  Bellucci,  1 1957|.  An 
analysis  ot  the  relationship  of  K  to  the  mean  wind  in  a  stable 
flow  pattern  shows  that  K  increases  from  about  0.5  at  speeds 
of  2  in/s  to  perhaps  2  or  3  at  speeds  of  16  m/s  and  higher. 

An  indirect  model  relates  the  v.ariability  in  time  to  r*  and 
to  the  climatological  dispersion  of  the  winds.  This  relation¬ 
ship  is  given  by 

S,  =  af|V2;i  -  r,).  (17.5) 

where  tr,  is  the  st-mdard  vector  deviation  of  the  winds  (rms 
deviation  from  the  vcc(or  resultant  wind).  The  vector  .-itreich 
correlation  coefficient  bciween  the  initial  wind  having  com- 
p-  ents  u  and  v  and  the  wind  after  a  time  interval  t,  bas  ing 
comnonents  x  and  y.  is  given  by 
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Tabic  17  10,  Mean  ami  iandarJ  deviation  of  absolute  value  of  vecn»r  vcl(Kii>  differences  at  various  lime  inter  .als,  A  1.  in  the  lower  1X29  m  over  sm»H>ih 
open  terrain  (Great  Plains  Turbulence  Field  I*r»>prari0. 


,  Height  St  =  2  hours 

(l(KX)ni)  Day  Night 


At  =  12  hours 


Velocity  Diflerenccs  (m/s) 


At  =  4  hours 


At  =  16  hours 


3.1 

6.6  ±  3,0 

7.7  ±  3.5 

8.8  ±  4.1 

8.8  ±  3.6 
7.2  +  3.8 


8  hours 


Night 

Day 

Night 

4.5  ±  3.2 

'7.4  ±  2,4 

4.0  ±  2.9 

4.2  ±  2.6 

5.^  ±  2.8 

5.1  ±  3.3 

5.6  ±  2.6 

5.4  ±  1.9 

7.5  ±  3.1 

6.5  ±  3.5 

6.8  ±  2.8 

9.6  ±  3.1 

6.9  ±  4.5 

7.1  ±  3.5, 

6.2  ±  3.5 

6.0  ±  5.4 

6.2  ±  3.1 

8.9  ±  4.9 

=  20  hours 

At  = 

24  hours 

4.8  ±  2.6 
4.4  ±  2.6 
4:9  ±  3.3 
4.6  ±  2,9 
4.3  ±  3.9 


2(ux  +  vy) 

r,  =  (17.6) 

V]i(u-  +  V-)  ^(x-  +  y-) 


This  parameter  undergoes  an  exponential  decay  with,  in¬ 
creasing  lag  tor  intervals  up  to  24  h  or  more,  and  then 
appears  to  oscillate  about  zero.  The  relation. 

r,  =  exp  ( -0.()248t).  (!7.7) 

with  I  in  h.  is  widely  used.  This  equation,  in  conjunction 
with  Equation  (17.5)  and  values  of  <7,  allows  an  estimate 


of  the  wind  variability  fora  desired  lag  interval  that  pertains 
specifically  to  the  place,  season,  and  altitude  of  intere.st. 
This  model  has  two  serious  limitations;  it  will  not  permit  r, 
to  become  negative,  nor  does  the  constant  coefficient  of  t 
allow  for  variations  in  the  rate  of  decay  of  the  correlation. 
A‘.  sufficiently  large  lime  intervals,  r,  does  become  negative, 
and  r,  is  so  close  to  zero  for  lags  in  excess  of  72  hours  that 
the  model  becomes  unreliable.  In  some  cases  r,  becomes 
negative  at  shorter  lags,  and  the  lag  at  which  this  occurs 
varies  from  place  to  place.  Investigations  of  the  rate  of  decay 
of  correlation' show  that  it  varies  geographicatly.  seasonally, 
and  pTObably  with  altitude.  The  variation  has  been  mapped 
only  for  the  United  .Stales  at  5.5  km  (Ellsaesser,  1960). 
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Attempts  to  develop  a  more  precise  model  of  the  vari¬ 
ability  of  winds  with  time  have  resulted  either  in  only  mixl- 
erate  improvement  or  extremely  complex  mcxlels.  Thus 
Equation  (17.7)  is  considered  the  most  useful  approxima¬ 
tion,  When  precision  in  estimating  the  wind  variability  with 
time  is  required,  a  special  climatological  study  must  be 
made. 

17.2.2.2  Spatial  Variability  up  to  30  Km.  In  general, 
varability  increases  with  increasing  distance  between  ob- 
ser'  ation  points,  and  the  rate  of  increase  with  distance  de¬ 
pends  on  geographies  l(K'atioa,  season,  and  altitude.  A  change 
in  the  wind  with  time  can  be  thought  of  as  resulting  in  pan 
from  the  movement  of  w  ind-'(ield  patterns  over  the  observing 
point,  and  thus  as  analogous  to  the  spatial  variability. 

Extending  this  analogy  to  the  models,  the  space  vari¬ 
ability  of  wind  Sj  is  given  by  K'd'’.  where  d  is  the  distance 
between  ob.serving  points.  The  parameter  K'  varies  with 
season,  geographic  location,  and  altitude,  but  no  detailed 
examination  has  been  made  of  the  way  in  which  these  factors 
act.  Arnold  and  Bellucci  1 19.571  tabulated  values  of  K'  from 
I .  I  to  6. 1 .  They  consider  the  expression,  representative  for 
middle  latitudes. 

Sj  =  1..5d‘’\  1 17.8a) 

where  S.,  is  in  mph  and  d  in  miles,  or  converted  to  metric 
units 

Sj  =  0..53d"'  (17.8b) 

where  Sj  is  in  m/s  and  d  in  km. 


The  indirect  model  provides  several  empirical  curves  for 
the  decay  of  the  correlation  coefficient  of  winds  with  in¬ 
creasing  separation  between  observing  points.  These  curves 
indicate  dilTcring  rates  of  decay  depending  upon  latitude 
and  upon  the  orientation  of  the  line  connecting  the  observing 
points.  The  analogy  between  time  and  space  variability  of 
the  winds  extends  to  these  curves.  Figure  17-7  indicates 
that,  for  temperate  latitudes,  a  general  approximation  to  the 
space  variability  of  winds  can  be  obtained  by  taking  3  hours 
as  equivalent  to  92.6  km.  The  space  variability  is  then 
estimated  in  a  manner  similar  to  time  variability  from 
(Tj  \/2(l  -  rj):  where  rj  is  the  correlation  coefficient  be¬ 
tween  winds  separated  by  the  distance  interval  d. 

17.2.2.3  Time  and  Space  Variations — 30  to  60  km. 

Observations  show  that  pronounced  diurnal  and  semi-diur¬ 
nal  oscillations  exist  in  the  winds  at  altitudes  above  .30  km. 
Sufficient  data,  however,  are  not  available  to  permit  the 
development  of  a  satisfactory  model  for  all  latitudes  and 
seasons.  The  results  of  an  analysis  of  a  series  of  wind  ob¬ 
servations  taken  at  Wallops  Island  during  a  48-h  period  in 
May  1977,  shown  in  Figure  17-9.  provide  an  indication  of 
the  magnitude  of  the  diurnal  oscillation  ai  a  midlatitude 
location.  The  X's  in  Figure  17-0  are  average  values  of  the 
north-.south  and  east-west  wind  components  at  the  indicated 
local  times.  The  curves  are  based  on  a  harmonic  analysis 
of  the  meridional  (N-.S)  and  zonal  (E-W)  wind  components. 
The  amplitude  of  the  combined  diurnal  and  semidiurnal 
oscillations  of  the  N-S  component,  increases  with  altitude 
above  .30  km.  reaching  a  maximum  of  10  to  1 1  m/s  between 
50  and  55  km.  The  diurnal  variations  of  the  E-W  component 


f'liiurc  l7-0j.  wind  vitriafions  al  Wallfps  Island  in  May  (N  Si, 


l  iiiurc  17-Wh.  Diurnal  wind  \ariallt‘ns  at  \\all»»ps  Island  m  .Ma>  M'-W  i 
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Figure  17*10.  Rms  dif't'orcnccs  bci\sccn  nor(h*s<Hi!h  winds  t»bscrved  1  to 
72  h  apart  in  Ascension.  Ft.  Sherman  and  Kvkajalcin. 

are  not  as  well  defined  at  40  and  45  km.  At  altitudes  of  50 
km  and  above,  however,  the  amplitudes  are  between  1 2  and 
14  m/s.  The  magnitude  of  the  diurnal  oscillations  are  somc- 
what  smaller  in  tropical  and  arctic  regions. 

Rms  differences  between  wind  components  observed 
from  I  to  72  h  apart  have  been  analyzed  at  altitudes  between 
30  and  60  km  to  obtain  estimates  of  the  variations  in  these 
components  with  time.  Rms  differences  between  the  N-S 
wind  components  observed  from  I  to  72  h  apart  at  A.scen- 
sion.  Ft.  Sherman  and  Kwajalein  are  shown  in  Figure 
17-10.  Data  for  all  seasons  for  these  three  stations  have  been 
combined.  The  values  display  a  relatively  stable  rms  vari¬ 
ation  of  roughly  10  to  12  m/s  for  periixls  up  to  72  h  at  55 
and  60  km  and  about  6  or  7  m/s  at  altitudes  of  40  and  45 
km.  There  is  an  indication  of  a  diurnal  cycle  with  an  am¬ 
plitude  of  I  to  2  m/s  at  these  altitudes  as  shown  by  the 
24-h  harmonic  curves  which  have  been  fitted  to  the  indi¬ 
vidual  values.  Most  of  the  obsen'ed  variability  can  be  at¬ 
tributed  to  random  measurement  errors  as  there  is  little  dif¬ 
ference  in  the  mis  variations  between  observations  taken  6 
h  apart  and  those  taken  72  h  apart. 

In  summer  conditions  are  approximately  the  same  at  all 
latitudes,  with  little  change  in  nns  values  with  time.  In 
winter,  however,  the  rate  at  which  the  rms  values  increase 
with  time  varies  with  latitude.  The  larger  day-to-day  changes 
in  the  svnoptic  patterns  at  middle  and  high  latitudes  are 
reflected  in  well-defined  increases  in  the  rms  variability  with 
time.  At  .50  km.  for  example,  mis  values  for  the  N-.S  com¬ 
ponents  at  White  .Sands  Missile  Range  <32'’N)  increase  with 
time  from  6  to  S  m/s  to  16  or  IX  m/s  in  72  h.  At  Poker 
Flats  (bd^N)  and  Ft,  Churchill  (.59°N).  they  increase  from 
6  or  8  ni/s  to  25  m/s.  The  diurnal  cycle  in  obscrs'cd  data  is 
masked  by  tlic  synoptic  changes  and  instrumentation  errors 
duiing  the  winter  months  at  middle  and  high  latitudes. 


17.3  WIND  PROFILES 


17.3.1  Wind  Shear 

Wind  shear  is  the  derivative  of  the  wind  vector  with 
respect  to  distance  and  is  itself  a  vector.  The  s‘'ear  of  the 
horizontal  wind  is  of  primary  interest  and  is  the  one  dis¬ 
cussed  in  this  section.  The  terms  vertical  wind  shear  and 
horizontal  wind  shear  are  commonly  used  in  referring  to  the 
shear  of  the  horizontal  wind  in  tne  vertical  and  horizontal 
directions,  respectively.  Horizontal  wind  shear  is  the  deriv¬ 
ative  of  the  horizontal  wind  with  respect  to  an  axis  parallel 
to  the  earth's  surface.  Its  applications  are  re.stri;lcd  largely 
to  meteorological  analysis.  Vertical  wind  shear  is  expressed 
as  AW/Ay.  where  A  is  the  change  of  the'  horizontal  wind 
in  the  altitude  interval  Ay;  the  unit  of  shear  i‘  s  '.  Although 
direction  is  also  necessary  to  specify  the  shear  vector,  it  is 
usually  ignored;  for  design  purposes  shear  is  normally  ap¬ 
plied  in  the  most  adverse  possible  direction. 

The  climatology  of  vertical  wind  shear  is  applicable  to 
problems  . dealing  with  design  and  launch  of  vertically  rising 
vehicles  and  jet  aircraft,  radioactive  fallout  investigations, 
and  many  phases  of  high-altitude  research.  Most  investi¬ 
gations  of  shear  climatology  are  for  specific  locations  in 
order  to  satisfy  design  and  operational  requirements  of  mis¬ 
siles  and  other  vehicles  at  or  near  launch  sites.  For  vehicles 
with  other  than  a  vertical  flight  path,  vertical  wind  shear 
can  be  determined  by  multiplying  the  shear  by  the  cosine 
of  the  angle  between  the  vertical  axis  and  the  vehicle  tra¬ 
jectory. 

Measurements  of  vertical  wind  shear  indicate  that  av¬ 
erage  shear  behaves  inversely  with  layer  thickness  (scale- 
of-distance).  This  is  illustrated  in  Figure  17-11,  which  is 
based  on  a  relatively  large  number  of  observations  during 


I'iLure  17-11.  .Scicvtcd  vertical  wind  sho;ir  \pcclruniv  (4.  10  !4.  2(t  35. 

and  W) -SO  Km  aliMiidcMor  Use  with  5'z  and  pnihahihiv 
level  wind  profile  enveft'|X'.  (  ape  Canaveral .  Ilitriua 
|Sci>s:L’ins  and  Vauiihan. 
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Au  =  Aui, 


\  0.1 
IO(X)\ 
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where  Au  is  the  shear.  Aui,«»i  is  the  1000  m  shear,  and  Ay 
is  the  scale-of-distance  in  m  for  thickness  <  KKX)  m. 

Wind  shear  statistics  for  various  locations  differ  pri¬ 
marily  because  of  prevailing  meteorological  conditions,  or¬ 
ographic  features,  and  .data  sample  size.  As  a  result,  sig¬ 
nificant  differences  exist  in  the  shear  structure  for  different 
locations.  Consistent  shear  data  for  five  vehicle  laun  n  and/or 
landing  sites  are  presented  in  Tables  17-1 1  through  17-15 
for  the  hastem  Test  Range.  Floiida;  Vandenberg  AFB.  Cal¬ 
ifornia:  Wallops  I.sland.  Virginia;  White  Sands  Missile  Range. 
New  Mexico;  and  Edwards  AFB.  California.  To  get  actual 
shear  (s  ')  from  the  indicated  wind  speed  changes,  divide 
by  the  appropriate  scale-of-distance.  Table  17-16  gives  en¬ 
velopes  of  the  999f  wind  speed  change  for  the  five  liKations 
combined.  The  data  contained  in  Table  17-16  are  applicable 
when  design  or  operational  capability  is  not  restricted  to  a 
specified  launch  site  or  may  involve  several  geographical 
locations.  Equation  (17.9)  was  used  to  construct  Tables 
17-11  through  17-16  for  scales  of-distance  <  UX)0  m. 


the  windiest  months  over  Cape  Canaveral.  Florida.  Figure 
17-12.  based  on  the  same  data,  shows  the  variation  of  shear 
with  altitude  and  with  layer  thickness;  it  provides,  as  a.i 
example,  the  vertical  wind  shear  spectrum  at  Cape  Can¬ 
averal  with  a  \V<  probability  of  cKCurrence. 

Wind  shears  for  scales-of-distance  Ay  ^  l(X)0  m  in 
thickness  arc  computed  directly  from  rawinsondc  and  rock- 
etsondc  observations,  whereas  smaller  scale  shears  can  be 
calculated  directly  only  from  special  fine-scale  observations. 
However.'  shears  associated  with  scales-of-distancc 
Ay  <  1000  m  can  be  estimated  from  the  following  rela¬ 
tionship  IFichtl.  I972|: 


17.3.2  Interlevel  Correlations 

Deviations  in  the  assurned  vertical  wind  profile  over  a 
target  or  reentry  point  affect  the  range  and  cross-range  of  a 
ballistic  missile.  These  effects  must  be  considered  in  the 
design  of  guidance  systems  for  entry  vehicles  and  for  tar¬ 
geting  ballistic  missiles. 

The  mean  effect  E  of  mean  monthly  or  mean  seasonal 
winds  on -the  r-me-  and  cross  range  of  a  missile  can  be 
determined  for  a  particular  liKation  by  computer-simulated 
flights  through  mean  monthly  component  wind  profiles  if 
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Table  17-1.^.  F.nvebipes  ttf  W'if  wind  speed  change  tin'sl.  I-  HO  km  altitude  region.  Wallops  Island  IKaufman.'  19771. 


Scales  of  Distance  (m)  Thickness 


Wind  Speed  at  Rel'crcnce 

Altitude  (ni/s)  5(KX)  4(X)0  3(XX)  2000  1000  8(X)  600 
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Tubli'  17-15  linvcli'pcs  ot  vfcind  ^pec^l  chan^»c  im/s).  I-WI  km  aitiioJc  regum.  HUwarJs  AFB  (Kaufman.  I977|. 


,  Scales  of  Distance  (m)  P.iickncss 


W/ind  Speed  at  Reference 
Altitude  (m/s) 

5000 

4000 

.3(KX) 

2000 

1000 

8(X) 

600 

400 

2(X) 

l(X) 

>)() 

7.i.2 

72.0 

67.3 

59.0 

42,8 

.36.7 

.30.2 

22.5 

13.9 

8.5 

=  80 

68.0 

66.3 

62.5 

55.5 

40.8 

.35.0 

28.6 

21.5 

13,2 

'  8,1 

=  70 

60.4 

m 

56.8 

51.4 

38.7 

33.2 

27.0 

20.4 

12.5 

7.7 

=  60 

5.4.0 

5 

1.8 

49.3 

45.0 

36.0 

30.9 

25.2 

19.0 

11.7 

7,2 

=  .SO 

44.8 

4 

3.6 

41.5 

.38.4 

32,0 

,27.5 

22.4 

16,9 

10.4 

6.4 

=  40 

36.5 

3 

5.5 

34.5 

33.0 

27.0 

23.2 

18.9 

14.2 

8.8 

5.4 

=  .W 

28.0 

2 

7.3 

26.9 

26.3 

21.4 

18.4 

15.0 

11.3 

6.9 

4.3 

=  20 

18.0 

1 

7.7 

17.4 

16.7 

15.2 

13.0 

10.6 

8.0 

4,9 

3.0 

the  appropriate  influence  ciK'fficients  for  the  missile  at  var¬ 
ious  levels  are  given: 


K  =  S  Ci  V, 


(17.10) 


where  C'i  is  the  influence  e(K’rficienl  at  the  ith  level  that 
describes  the  portion  of  the  total  resptinsc  of  a  missile  as¬ 
signable  to  that  level,  and  V,  represents  the  mean  of  the 
coniponent  wind  speed  at  that  level.  The  variation  around 
this  average  effect  caused  by  day-to-day  fluctuations  in  the 
winds  is  obtained  from 


<17.11) 


where  iri'siis  the  integrated  variance  for  all  levels  consid¬ 
ered.  C,  and  C,  are  the  iniluence  c«x:fficients  at  the  ith  and 
jth  levels,  (t.  and  ir,  are  the  standard  deviations  of  the  com¬ 
ponent  w  mil  at  these  levels,  and  r„  is  the  correlation  hetwc’cn 
the  component  wind  at  the  itii  level  and  that  at  the  jth  level 
The  -niiare  root  of  the  solution  to  this  equation  yields  the 
standard'deviation  for  each  coniponent  of  the  ballistic  wind 


The  two  components  can  be  combined  and  ''sed  to  determine 
the  probability  of  ixtcurrence  of  deviations  of  any  desired 
magnitude  from  a  trajectory  or  impact  point  based  on  mean 
monthly  winds  In  these  computations,  it  is  assumed  that 
the  cross-component  correlations  are  zero  at  and  K’tween 
levels,  and  the  wind  frequency  distributions  are  es-entiallv 
circular  normal. 

The  wind  climatology  necessary  for  determination  of 
ballistic  effects  consists  of  statistical  array  s  of  mean  monthly 
north-south  and  east-west  wind  components,  their  standard 
deviations,  and  interlevel  correlations  i.etween  the  same 
component  at  diflerent  levels.  This  information  has  been 
prepared  in  matrix  form  for  a  relatively  large  number  of 
locations.  Kxamples  for  levels  between  the  surface  and 
W)  km  are  snown  in  fable  17-17  for  the  month  of  Januarv 
at  R.  Churchill.  Wallops  Islaixl  aikl  Asi;en'ion  Island  Winds 
are  lighter  in  summer  at  middle  and  high  latitudes.  For 
targeting  purpi>ses.  the  wind  data  must  |X-rtain  to  the  lo¬ 
cations  ol  interest  For  design  purposes,  however,  a  rep- 
rcscnlaiive  sample  ol  data  from  the  various  climatic  regions 
should  be-  used 


T.ibU-  I'  I  ff\clnp».>  (»t  wirul  xfX'Cvl  ch.in'.v  ui»  >».  I  HI)  km  alhlmk’  rx'gHm.  Inr  .\  I  hxc  iix.iliitfi'v  jkaMliit.iii. 

Scalc>  DiMance  (ni)  Thickness 


W  ind  Speed  at  Re'er  'me 


e  ( ni  s  1 

5(XXI 

4(KX) 

'XI 

77.5 

74  4 

so 

71.0 

,  68.0 

7(1 

6  .3  5 

MO 

(•>0 

.‘37  1 

54 . 

.so 

49  6 

47.8 

40 

.39  4 

.38.8 

:l  5 

1.3.2 

V 

:0  4 

12  5 

7 

9  n 

117 

/ 

7,5 

10  7 

(> 

5.5 

9.0 

5 

s  ^ 

7. .3 

4 

90 

6  3 

4 

'Multiply  tabular  values  by  0.01  to  obtain  correlation  cocfticf-  nls 
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17.4  DESIGN  DATA  ON  WINDS 

Wind  statistics  arc  presented  in  a  variety  of  ways,  each 
of  which  is  intended  for  maximum  usefulness  for  particular 
aspects  of  design  and  operational  problems.  In  "Upper  Wind 
Statistics,"  Crutcher  |I9.‘S9|  presents  northern  hemisphere 
charts  of  some  15  wind  variables  or  statistics.  For  surface 
winds,  in  the  "Climatic  Atlas  of  the  United  States."  the 
National  Weather  Service  1 196S|  presents  monthly  and  an¬ 
nual  charts  of  the  prevailing  direction,  mean  wind  speed, 
the  fastest  wind  on  record  and  its  direction,  and  wind  roses 
that  give  the  frequency  distribution  of  the  wind  by  direction 
including  frequency  of  calm,  the  mean  wind  vector  and 
direction  There  is  also  a  table  of  the  frequencies  of  9  cat¬ 
egories  (Beaufort)  of  wind  speeds  for  some  120  U.S.  sta¬ 
tions. 

Generally  speaking,  any  data  source  on  surface  wind 
speed  IS  limited  to  pnividing  several  key  parameter;  from 
which  the  general  frequency  distribution  of  the  wind,  in 
speed  and  direction,  can  be  estimated  or  reconstructed.  But 
to  do  so.  a  practical  model  of  the  distribution  of  the  wind 
speed  must  he  adapted.  Three  such  models  are  the  gamma 
distribution.  Weibull  distribution,  and  the  cireular  normal 
hisanatc  distribution.  Each  has  its  merits  and  drawbacks. 


17.4.1  Hourly  Surface  Wind  Speeds 

The  distributions  of  surface  w  ind  speeds,  obsersed  esers 
hour  on  the  hour,  have  been  studisnl  b\  main  climatologists 
and  sialislicians  whose  conclusions  and  cot'sequeiu  hmkIcIs 
differ  Some  lavor  the  ilisiribulion  ot  vsiiul  speeds  as  given 
bv  the  circular  bivariate  aormal  distribution,  others  the  log¬ 
normal.  'till  others  the  eanima  vlistribuiion  A '  his.oric.il 
record  of  at  least  5  vears  shouhl  be  used  to  obtain  good 
esiimaies  oi  vv  ind  spv-ed  ilisttinulions,  es|x‘ciaih  small  profs 
abilities  iloi  eVample  l'>l  Although  there  are  about  Niff 
eitv  and  airport  st  itions  in  the  I  nited  Stales  wlieie  hourlv 
lecorvls  are  kept,  'hev  gcncrallv  represent  wiril  fields  m 
avlequatelv  A  livalion  that  is  close  to  a  vve.ithei  leporlmg 
station  shi'ultl  have  'iiiuljr  wind  ch.ii.ii icrisiics.  but  terrain 
effects  incluilmg  inanmailc  etfevl'  aiut  piovimitv  to  l.ircc 
bodies  ot  water  superimpose  a  spatial  v.ui.ibilitv  that  i' 
dillicull  to  generah/e  F.nrb.ink',  -Maska  lor  example,  has 
a  mean  wind  speed  in  Januarv  ol  (1  •/  m  s  with  siand.irsl 
ileviation  1  7  m  s  Vef  Big  Della,  onlv  121  kmaw.;\,  ha' 
a  mean  wmvl  speed  ot  5  4  m.'s  arivl  sl.iml.iid  deviation 
4  Ill/s 

The  following  are  alternative  models  ol  windspeed  fre¬ 
quency  distribution: 

MihU’I  AIh  riutlivc  I  A  vnniiiKi  iti\inhiiru>n  In  terms  ,>f 
the  mean  wind  speed  V.  and  standard  deviation  s  ,  the  prob 
ability  density  function  of  the  wind  speed  V.  is  given  in 
terms  of  a  transformed  v  ariable  v  bv 


(V  -  .4)  V.  -  V, 


(17.1,4) 


The  cumulative  probability  of  wind  speed.  I’lV,).  equal  to 
or  less  than  V,  is  given  by 


P(V.)  =  I  -  c  >  1  +  y  + 


(17.141 


As  an  example,  in  the  month  of  January,  the  niH.ntime 
Bedford.  Mass.,  wind  has  a  mean  hourly  speed  V.  of 
5.1  m/s  and. standard  deviation  s.  of  .4.5  m/s.  Equation 
(17.14)  gives  the  cumulative  probability  for  several  values 
of  the  wind  speed  as  follows. 


V, 

111  N 

V 

.  Estimated 

PiV  ) 

Observed 

Distnhu.ion 

calm 

0.445 

D.OII 

0  115 

1.5 

1  219 

0  125 

0.  IfsX 

.(  1 

1  ‘>*4,4 

0  421 

0  422 

5.2 

4  0  .4 

0  5S  » 

0  .‘'*>2 

K  2 

4.57 

0X44 

0X4S 

III  K 

5.K9 

0‘>42 

0  ‘Nr; 

14  9 

7.41 

0  ‘)7S 

0 

17  0 

H  ‘>h 

0  ‘>*>  4h 

0  ‘>*X) 

Ky)  =  0.5  y- 


(17,12) 


Tliis  kind  ol  afipioximation  is  g<H>d  lor  nnxlerate  to  siiong 
wind  speeds  and  is  generally  usv-ful  except  lor  very  light 
wimis  or  calm  comhtions 

Miulfl  Alliriiiilni-  2  4  Wi  ihiil!  f)i\tnhiiiii>ii  A  rcvcnf 
study  IBean  and  .Somerville.  I97'/|  has  prodiiceil  the  mi>vlel 

p(\  I  =  c  *  (I  e!|l  expt  uv*')|  iP  l‘>i 

where  c  i'  Ih"  probabililv  of  calm,  and  n  and  (i  ,uc  p.ii.im 
elers  ol  the  Wcibull  ilisiribulion  ih.ii  are  dei.-rmined  eilhci 
|o  make  ihe  iiuhIcI  lit  the  observ  ed  frequencies  ot  w  md  sjved 
( in  .1  Iv  .isl  squ.uc  s  sense  I .  oi  aiv  cst  nii.itv  >1  in  olhv  i  v  t  Iv  v  ( i  v  v 
wavs  The  records  o|  many  st.iiions  indicate  a  high  pi.ih 
ahiiiiy  of  calm,  vvhich  makes  this  tormui.iiion  dcsir.ible 
Revord'  like  the  "RevisevI  t  nitooii  Summaru-  ot  Sui 
lace  Weather  ( Ibserxaliohs'  iRf  SS‘.k()i  i{'om;'ilcd  hv  die 
f.nv  ironmcnl.il  Technical  Appln  alioii' (  eni-.  r.  Si  oil  \l  H 
III  I'cont.iin  llie  lel.ilive  IrequeiK  ics  t  otcavliot  ||  oi  Icwci 
w  inds  sjvcvls  y,  W  here  x..  Itic  middle  v  ,iluc  in  the  i  .itv  g.>rv . 
is  usc'vl  lor  the  ilh  calegorv  ol  \  .  lormiil.is  h.ive  iven  loinid 
lor  u  and  B  as  lollovv  s 

V  f, 

,  (Pin, 

rX  If’  ''  '  IP  X 
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To  solve  for  a  and  p,  an  initial  guess  is  entered  for  P  in 
the  right-hand  side  of  Equation  (17.16),  and  the  equation 
is  solved  for  a  lirst  estimate  of  p.  With  this  revised  estimate, 
the  equation  is  solved  again  for  a  second  and  better  estimate, 
and  so  on,  until  the  value  of  p  is  stabilized. 

The  RUSSWO  for  Bedford,  Mass..  January  at  mxin- 
time.  gives  f,  for  categories  of  V,  (or  x,)  which,  when  entered 
in  Equation  1 17.16)  prixluced  the  following  values  after 
several  iterations: 


however,  can  be  given  in  terms  of  V  and  s  or  s,.  One  of 
the  most  applicable  formulas  is 

v"  r  "  x"”! 

P(V,)  =  e  >  2  ^  I  -  e  '  2  •  <17-20) 

n  «  (»  tt.  L  m  ^  a  m.  J 

where  x  =  V;/s;, 

y  =  IVP/s;. 


p  =  r.%1 

d  =  0.02512 

When  these  values  for  a  and  P  are  entered  in  Equation 
(17.15)  together  with  t  =  0.115.  the  probabilities  P(Vj 
become 


1  ♦ 

’'w 

(m/s) 

P(V.) 

Observed 
'  Distribution 

calm 

0.115 

0.115 

1.5 

0.166 

0.168 

3.1 

0.297 

0.322 

5.2 

0.527 

0.592 

8.2 

0.816 

0.838 

10  8 

0.9395 

0.9.t6 

13.9 

0.989 

,  0.989 

17.0 

0.9987 

0.999 

Modei  Allernative  The  eirciitar  itiirmtil  dhlrihiitum. 

Tl.*  assumption  <*f  the  circular  m>rmal  distnbution  for  the 
wind  implies  that  the  zonal  u  and  meridional  v  components 
each  have  a  miniial  Gaussian  distribution  with  individual 
means  u  and  v  but  with  the  same  standard  deviation  s.  The 
two  components  are  independently  distributed  As  a  con- 
sequerK'c  the  probability  density  lurK'tion  of  each  is 


^  .  Iexp|-(u-u)72|} 

\  2Tr 

=  Iv’tP  I  vi-^2|! 

\  2-n 


(17  17) 


The  magnitude  of  the  mean  wind  vector  (Vi  is  given  by 


|V!  =  \  V-  *  u-  (17. IK) 


The  standard  vector  deviation  (s, )  is  simply 


In  the  example  of  Bedford,  Mass.  January  noontime 
winds,  the  RUSSWO  fable  of  wind  speed  versus  wind  di¬ 
rection  yields 


|Vl  =  2.9  m/s  . 

,  s,  =  5.1  m/s 
or  s  =  3.6  m/s 
as  opposed  to  V,  =  5.1  m/s 
s,  =  3.7  m/s. 

When  the  values  for  |V[  and  s,  arc  .used  in  Equation  ( 17.20) 
the  probabilities  P(V,)  become 


V. 

m/s 

P(V,) 

Observed 

15 

,0.063 

0.168 

3.1 

0.231 

0.322 

5  2 

0.521 

0.592 

8.2 

0.853 

0.838 

10  8 

0.964 

0946 

139 

0.99,16 

.  0  989 

17.0 

0.9965 

0,999 

Ihe jlistribution  of  ihe  wind  V  around  the  mean  wind 
.vector  (V)  is  sometimes  of  prime  interest  as  it  would  he  in 
targeting  It  is  the  dillerensc  between  the  actual  vector  wind 
and  the  nw-an  vector  wind  and  has  the  distribution 


PiVi  =  I  -  exp 


(17  2li 


Thus  a  circle  of  radius  equal  to  one  standard  vector  devia¬ 
tion.  drawn  about  the  tip  of  the  mean  wind  vector,  would 
cm'ompass  f>V»  ot  ihc  population  of  winds  Half  of  the 
wind  vectors  will  tall  within  a  circle  of  radius  0  K3  tunes 
the  standard  vector  deviation. 


(17.19)  17.4.2  Surface  Wind  Direction 


The  mean  wind  speed  and  the  standard  deviation  of 
the  wind  speed  s,  are  not  easily  derived  from  the  compo¬ 
nents.  The  cum  .iative  probability  P(V,)  of  the  wind  speed. 

17-22 


Winds  tend  to  have  a  mixlal  direction,  like  the  trade 
winds  or  the  prevailing  westerlies.  Using  the  model  of  the 
bivariate  normal  distribution,  the  estimate  of  the  frequency 


,-c*, 


WINDS 


P(0i  «  X  <  6:  of  the  wind  direction  X  between  directions 
8i  and  0:  is  given  by 

P(0,  «  X  <  0:)  =  (\lV2i:) 

(u  -  u)- 

■  2  l^’‘P - ^ — SuIlFtX:))  -  F(X|)1  (17.22) 

u  l>  - 

where  u  =  V/s. 

V  is  the  wind  component  in  the  direction  (0„)  of  the 
mean  wind  vector  V,  and  s  is  the  standard  deviation  of  the 
appropriate  wind  component. 

a  =  |v|/s. 

Ru  is  a  small  increment  of  u. 

X:  =  tan  (0:  -  0„). 

X|  -  tan  (0|  -  0,,). 

and  Ftxi  is  approximated  by 

Ftxi  =  1  -  0,5(1  +  C|X  +  Cjx'  +  CtX*  +  c^x'*)  ^ 

where 

C|  =  0.mX54 
c,.  =  0.11.5104 
c.  -  O.fKW  n 
C4  =  0.010527 

In  the  ''xample  for  Bedford.  Mass  ,  January  mx*niinK  wind 
0..  =  After  correcting  for  calm  frequency  of  0.1 1.''. 

the  computed  frequencies  ol  wind  directions  were  as  fol¬ 
lows: 


Direction 

htl;  -  A  ■  ti  l 

Obv.-rsed  ! 

^  N 

0  os; 

0  IK.7  1 

\NF 

0  o.^^ 

t)04l  I 

NF 

0  It;? 

mao  1 

fnf; 

'  0  027 

0014  1 

F 

ott;; 

0010  ! 

F.SF 

0  010 

0010  ! 

SF 

0  OIX 

0  014  1 

S.SF 

liOJll 

ooos;  i 

S 

0112.5 

0022  ! 

s.svv 

00.^2 

0  051 

s\v 

0(D6 

0tl67  ! 

W.S\K 

0070 

O.tWiX  1 

W 

0  o^ts 

0  lOH  j 

WNW 

0  122 

0.144  1 

NW 

0.126 

0.1  10  i 

NNW 

0. 1 10 

0.106  j 

17.4.3  Surface  Wind  Gusts 

Studies  on  the  relationship  of  gusts  to  the  .steady  wind 
speed  are  in  general  agreement;  however,  quantitative  re¬ 
sults  have  varied  depending  on  the  data  and  the  analytical 
methixls  used.  S'ssenwine  et  al.  |  I07.t|  reviewed  the  results 
of  many  of  these;  he  also  presented  a  comprehensive  analysis 
of  gustiness  based  on  actual  wind  records  during  periods  of 
strong  winds,  observed  at  14  airfields  in  the  Northern  Hemi¬ 
sphere  between  14°  and  77°  latitude.  Tattelman  1 1975)  ana¬ 
lyzed  the  same  data  to  develop  5Q7{ .  759t .  9(Wi .  and  9H'/i 
gust  factor  curves  for  5-min.  I -min.  and  .W-s  average  (or 
steady)  wind  speeds.  Gust  speeds  repr>rted  in  weather  ob¬ 
servations  are  normally  considered  to  be  about  2-s  averages, 
but  for  designers  of  various  sized  equipment,  other  short 
duration  gusts  may  be  applicable. 

Since  resolution  of  the  wind  records  was  approximately 
2  s  the  shortest  period  gusts  were  considered  to  be  2-s  wind 
speeds.  Gust  factor  (GF)  curves  were  fitted  using  the  equa¬ 
tion 

GF  =  I  +  Ae  (I7.2.4i 

where  A  and  B  arc  constants,  end  V  is  the  speed  of  the 
steady  wind.  The  values  for  B  were  dertermined  by  a  least 
squares  tit  of  all  the  data  to  the  .5-min.  I -min.  and  .4()-s 
speeds.  Ibing  these  values  of  B.  the  value  for  .A  was  de¬ 
termined  for  each  percentile  curse  by  a  least  squares  til  to 
the  mid-class  wind  speed  values  (for  example.  12.6  in  s  for 
V  =  10. .^-14.0  m/s)  and  weighled  for  the  number  of  ob¬ 
servations  al  each  point.  Figure  17-l.t  shows  curses  of  the 
.4()-s  gust  factor  as  relals'sl  to  the  .5-min  steads  spes'd.  and 
the  I -min  gust  factor  related  to  the  .5-min  speed  using  all 
the  data.  Figure  17-14  shows  the  relationship  between  the 
2-s  gust  laclor  and  the  5-nnn  steads  spu-ed.  Curses  in  both 
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5- MINUTE  WIND  SPEED  (m/trc) 


Fijrurc  17-14  Rcbtionshtp  hcivkccn  thi*  2 tiusi  fikTiir-and  the  5-fnia 
>*inti  sfK'cJ  ai  inJiv Jicd  pcrccnok'N  for  ihc  airticltl  dat;i 
lf)aia  \*crc  hUCil  to  (rl-  1  ♦  Ac  •*'  ami  ^^cijihicU  Uh 
the  numK'r  of  u(  CiK'h  nml-ctaNs  vaiucl. 


hicurc  17  15  l\pt\icd  j  t.Kt«»rs  versU's  tjuM  duration  jikI 
5  torn  "IcikIn  Npi'cd 


figures  extend  beyond  the  limit  of  the  wind  data,  for  which 
the  highest  steady  speed  is  35  m/s. 

Sherlock  1 1947)  found  that  a  gust  must  have  a  duration 
such  that  Its  size  is  about  8  times  the  downwind  dimension 
of  a  structure  in  order  to  build  a  force  on  the  structure 
commensurate  with  the  gust  speed.  Because  the  orientation 
of  most  equipment  will  not  be  taken  into  consideration,  the 
shortest  horizontal  dimension  of  the  equipment  should  be 
considered  as  the  downwind  dimension.  For  example,  if  a 
structure  has  a  S-m  downwind  dimension,  a  gust  must  be 
40  m  long  to  build  up  full  dynamic  pressure.  Therefore,  a 
speed  of  40  m/s  would  build  up  full  force  on  such  a  structure 
in  only  I  s;  a  speed  of  20  m/s  would  require  2  s.  Figure 
17-15  shows  the  expected '(50'5f)  gust  factors  versus  gust 
duration  and  5-min  steady  speed  to  aid  in  calculating  the 
design  windspeed  for  structures  of  differing  downwind  di¬ 
mensions.  The  curves  were,  drawn  to  four  points:  a  gust 
factor  of  1 .0  at  300  s,  the  60-s  and  30-s  gust  factors  for 
each  speed  from  Figure  17-13.  and  the  2-s.  50'i?’  gust  factors 
from  Figure  17-14.  Lines  on  Figure  17-15  were  extended 
fre)m  the  2-s  gust  factors  to  include  l-s  gust  factors. 

Tattelman  |I975|  also  presented  curves  of  the  505f  . 
75''/f.  90'^.  and  wind  speed  range  (the  difference  be¬ 
tween  the  maximum  and  minimum  2-s  speed)  as  a  function 
of  time  interv  al  and  mean  5-min  wind  .speed.  The  90^f  wind 
speed  range  is  shown  in  Figure  17-16.  The  dashed  lines 
indicate  extrapolation  beyond  the  lirtiits  of  the  data.  The 
•gust  factor  and  w  ind  speed  range  curves  in  this  section  are 
considered  applicable  to  most  airport  locations  ai  the  average 
height  i>f  the  data  used.  15  m. 
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17.4.4  Extreme  Surface  Wind  Speeds 

Various  statistics  are  used  for  the  daily  maximum  winu 
speed.  One  statistic  is  the  maximum  5-min  wind  of  the  288 
5-min  intervals  of  one  day.  Another  popular  measure  is  the 
fastest  mile,  which  is  the  reciprix'al  of  the  shortest  interval 
(in  24  h)  that  it  takes  one  mile  of  air  to  pass  a  given  p<iint. 
The  strongest  gust  is  the  highest  reading  of  an  instantaneous 
recording  anemometer.  There  is  no  unique  relation  beiwc-cii 
these  units.  The  Washington.  D.C.  records  show  that,  for 
speeds  greater  than  15  nJs.  the  maximum  5-min  wind  speed 
is  roughly  0.93  times  the  fastest  mile  and  roughly  0.67  times 
the  strongest  gust.  TIh:  maximum  I -min  wind  speed  is  roughly 
0.71  times  the  strongest  gust.  Canadian  and  British  records 
show  the  maximum  l-h  wind  speed  to  be  0.62  times  the 
strongest  gust. 

A  model  distribution  of  the  annual  extreme  has  been  the 
subject  of  conflicting  viewpoints.  The  most  favored  distri¬ 
bution  is  the  Fisher-Tippett  Type  I.  now  generally  kn*>wn 
as  the  Gumbel  Distribution.  If  x  is  the  symbol  for  the  annual 
extreme,  then  the  cumulative  probability  of  x  is  given  by 


P(x)  =  expl  -exp<  - yil 


(17.24) 


where  y  is  the  reduced  variate,  whose  mean  is  y  =  0.5772 
and  whose  standard  deviation  is  (r,  =  1.28255. 

A  relatively  simple  equation  can  be  used  to  relate  x  to 

y- 


(V  -  y)  (X 


(17  25) 


where  x  and  s,  arc  'he  mean  and  stanJaid  deviation,  re¬ 
spectively.  of  the  annual  I’Xtremes  (\) 

The  work  that  is  implied  to  make  adequate  estimates  of 
[KTcentiles  of  x  is  to  find  the  saniple  iiKan  and  standard 
deviation  of  a  set  ol  N  extremes  for  N  years.  Other  ap¬ 
proaches.  although  more  rigorous,  require  ordering  the  N 
extrcnKs  by  magnitude  and/or  estimating  parameter  values 
by  successive  approximations  F.stimates  also  migh.  depvnd 
directly  on  samnic  si/e. 

To  judge  ihe  risk  of  an  e»treme  event  in  n  yea'N.  tiien 
Flquation  <  17  24)  above  is  replaced  by 


P(  xmi  =  expl  ne\[>i  -  y  )| 


(17  26) 


To  estimate  x  lor  prob.ibiluy  P  in  n  years,  or  an  n-vear  risk 
( l  -P).  and  know  mg  Ihc  annual  extreme  mean  x  a"'!  standard 
deviation  is.i.  hquation  il7.25l  then  gives 


(V  -  v' 

X  ■-  X  s,  -■ - - . 

•  r. 


117.27) 


V  =  (n(i)l  (n(  -(ntPi).  (|7.2S) 
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As  an  example,  a  19-yr  record  at  Denver.  Colorado 
shows  an  average  annual  5-min  wind  speed  naximum 
15  m  above  ground  level  of  19.6  m/s  and  standard  deviation 
2.5  m/s.  If  a  tower  is  to  be  built  to  last  for  25  years,  with 
99/{  certainty  of  survival  throughout  the  25  years,  then  the 
critical  wind  spiced,  given  by  Gumbel  mixlel  (Hquations 
(17  28).  (17.27)).  is  estimated  at  33.7  m/s. 

An  estimate  is  subject  to  sampling  variaiions.  in  the 
above  example  a  19-yr  sample.  One  standard  eiror  v)f  this 
estimate  s(x)  is  approximately 

s(x)  =  s,\  u/N 

where  N  is  the  number  of  years,  and  a  is  given  by 

a  =  0.710  -k  ().ll6y  +  0  669  y’. 

In  the  IX’nver  example,  the  standard  error  of  the  estimate 
(33.9  m/s)  is  approximately  six)  =  .’.8  ri/s.  or  I  !'d  of  the 
estimate  itself.  brief  metcon'Iogical  record  of  anrijal  ex¬ 
tremes  piermits  estimates  only  within  confidence  bands  that 
vary  with  the  si/e  of  ihc  record 

Publications  by  c'lir.iatic  agencies  such  as  NO.AA  F'n- 
vironniental  i)ata  Seivice  and  the  Canadian  Meteorological 
Service  give  extronv  values.  Yet  each  picrmancnt  insialla- 
tiop  might  require  a  special  study  for  a  particular  site  and'or 
for  a  particular  design  problem.  For  example.  Ihe  extreme 
annual  wind  sjiced  at  l.ogan  aiipiort  (Boston)  would  be  an 
underestimate,  by  about  3.V{ .  of  the  extrenu*  on  Blue  Hill. 
19  km  to  the  south-southwest,  Kven  the  record  at  the  exact 
Irvation  of  interest  may  not  be  representative  of  the  wind 
effects  on  a  tall  (or  short)  structure. 

Table  17-18  gives  means  and  standard  deviations  of 
annual  extreme  wind  spseeds  and  pieak  gusts  at  some  repv- 
resci’talive  stations  arvmnd  the  world  including  stations  that 
are  typically  in  the  paths  of  hurricanes  The  I'r  risk  in 
10  yrs  was  computed  by  the  abv've  fonmila.  assuming  the 
Gumbel  distribution  M'ls  column  is  virtually  the  same  as 
lor  the  KMXI-yr  return  period,  and  ihuN  is  the  Nf>esd  that  has 
only  |/|(lol  I '<  chance  ot  hging  exceeded  each  year  Ihere 
IS  a  noticeable  dillerence  between  the  extrenie  spieeds  a' 
airp>ns  and  at  city  stations,  attesting  to  ihe  cttecls  ot  tall 
building'  in  the  cities  '  he  reduction  ot  spu-ed  migh.  K'  as 
high  as  5.s'i  .  but  ave-ages  roughly  25*; 

Tornadoes  are  severe  vvoirlwiiids.  typically  a  hundrei; 
meters  in  diameter,  which  ii  rtiinatcly  are  rare  acconipani 
inents  ot  severe  thunderstorms  Ihey  are  most  common  m 
.Australia  and  the  I'nited  .States  where  they  number  some 
140  to  |.s()  pier  year,  most  frequent  in  spring  in  the  plains 
ama  ol  the  I'niteil  States  between  the  Pivkies  and  the  .Ap 
palachians  The  wind  speeds  are  generally  less  ihan  I  10  in  s 
ill  the  lowest  10  20  m  above  the  ground  Spn-cds  up  to 
i-K!  Ill's  occur  occasionally  m  very  severe  tornadoes;  higlier 
wind  specil  estimates  are  generalU  suspect  |(ioliien.  I97b|. 
These  high  vv  ind  s|veds  place  them  outside  the  distributions 
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CHAPTER  17 

TaWo  17.1X.  Kxtrcmo  annual  ^^ind  speed  (tastes,  m  s.  at  l.V’ m  above  ground  at  tl-e  given  stations:  (A)  denotes  airiHsrt  station 


Station 

Tampa,  Fla  (Ai 
Miami.  Fla 

Wilmington.  N.C.  (A) 
Hattcras  N.C. 

Dallas.  Tex  (A) 
Washington.  D.C.  (A) 
Dayton.  Ohio  (A) 
•Atlanta.  Ga.  I  A) 
Abilene.  Tex  tA) 
Columbia.  Mo  I  A) 
Kansas  City.  Mo 
BulTalo.  N.Y.  (A) 
Albany,  N.Y.  (A) 
Boston,  Mass  (A) 
Chicago.  III.  (A) 
Cleveland.  Ohio  (A) 
Detroit.  Mich  (A) 
Minneapolis.  Minn  (A) 
Omaha.  Nebraska  (A) 

El  Paso.  Tex  I  A) 
Albuquernue'.  N.M.  (A) 
Tucson.  Ari/ 

San  Diego,  Calif 
Cheyenne.  Wyo 
Rapid  City,  S.D. 
Bisjnarck.  N.D.  , 

Great  Fall,  Mont, 
Portland,  Ore 
New  York.  N.Y. 
Phtsburah.  Pa. 


Fairbanks.  .Alaska 
Notne.  .Alaska 
Elmendorf  .AFB.  Alaska 
.  Shemxa  Is'and,  .Alaska 
Mickam  .AFB.  Ha. sail 
Clark  AB.  Philippines 
Lajes  Field.  .A/orcs 
.Albrook  AFB.  Canal  Zone 
San  Pahlo.  Spain 
Wheeliis  .AB.  Libya 
Stutigari.  Germany 
Kcllavik.  Iceland 
Thule.  Greenland 
Tainan.  Fi'rniosa 
Taipei.  Fitrmosa 


Years 

of 

Record 


1941-56 

23 

194.5-58 

24 

1951 -.58 

30 

I912-.57 

28 

1941-58 

23 

1949-58 

22 

1944-.58 

27 

19.53-58 

22 

1945-58 

28 

1949-58 

25 

19.54-58 

25 

1944-58 

26 

19.58-58 

23 

19.56-50 

'  26 

1943-58 

23 

1941-58 

26 

19.54-58 

22 

1938-58 

23 

1936-58 

26 

194.5-58 

2t> 

1933-58 

27 

1948-58 

22 

1940-5S 

19.^5-58 

1942-58 

1940-58 

,1944-54 

19.50-58 

1949-58 

19.55-52 

Number 
of  Years 
tif  Data 


9 

17 

3.7  -55 

11 

27 

4.1  47 

14 

20 

3.2 

10 

31 

7.8  '  45 

17 

20 

3.8  38 

13 

17 

5.5  45 

13 

28 

7.6  65 

IS 

12 

1.8  21 

1 1 

34 

6.8  68 

14 

■>2 

5  3  48 

15 

18 

2  ’ 

9 

38 

4.8  62 

14 

36 

5.5  63 

.59 

24 

9.5  71 

39 

26 

9.8  .  75 
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Table  17-18.  fCnminueJ) 


Station 

Years 

of 

Record 

Mean 

(m/s) 

S.D. 

(m/s) 

\% 
Risk 
in  10  yr 
(m/s) 

Itazuke  AB.  Japan 

14 

19 

4.5 

,  42 

Misawa  AB.  Japan 

II 

21 

3  2 

37 

Tokyo  Inti.  Airport,  Japan 

15 

23 

5.5 

46 

Kimpo  AB,  Korea 

8 

19 

3.6 

37 

Bombay.  India 

6 

22 

6.3 

54 

Calcutta.  India 

6 

25 

3.3 

42 

Gaya.  India 

6 

23 

3.0 

38 

Madras.  India 

6 

20 

3.4 

37 

New  Delhi;  India 

6 

23 

1.7 

31 

Poona.  India 

6 

17  . 

2.7 

31 

Central  AB,  Iwo  Jima 

17 

35 

16.9 

119 

Kadena  AB.  Okinawa 

14 

37 

11.3 

93 

discussed  previously.  Their  small  dimensions  and  infrequent 
occurrence  make  it  impossible  to  state  precise  probabilities 
of  occurrence  at  specific  locations.  Statistics  of  occurrence 
on  an  areal  basis  have  been  developed  by  Abbey  |  <9761  and 
Kelly  et  al.  |I978|. 

Hurricanes,  while  much  more  frequent,  larger,  and  more 
predictable,  still  cause  problems  for  the  statistical  analyst. 
Recent  studies  at  the  National  Bureau  of  Standards  suggest 
that  the  Gumbel  (Type  I)  distribution  of  extreme  .vinds  does 
not  provide  as  good  a  description  of  the  extreme  wind  dis¬ 
tributions  when  they  must  include  hurricane  winds.  The 
departures  of  the  winds  from  the  Gumbel  estimates  tend  to 
be  on  the  weaker  side.  This  means  that  the  estimates  of 
Table  17-18  should  be  used  with  caution.  Hurricanes  may 
strike  at  some  stations  while  missing  others,  so  that  the 
record  extreme  wind  speeds  of  one  station  may  not  represent 
the  potential  risk  of  still  stronger  winds  at  another  nearby 
station  or  even  at  the  same  station.  We  conclude,  however, 
that  the  Gumbel  distribution  is  the  best  single  model  for  all 
extreme  winds  data  including  huaicane  winds. 

Directly  recorded  data  for  record  wind  extremes  are  rare 
due  to  damage  or  destruction  of  the  wind  measuring  instru¬ 
ments  and  power  outages,  during  an  event  such  as  a  tornado 
or  hurricane.  Newspaper  reptirts  give  estimates  whose  re¬ 
liability  is  unknown  and  variable.  Some  might  be  from  a 
weather  station  wher;  visually  observed  wind-speed  dials 
were  still  in  operation  eve-,  though  the  recorder  lost  ptvwer. 
Others  might  be  calculated  from  the  amount  of  force  re¬ 
quired  to  blow  over  a  building  or  tree  or  to  drive  a  metal 
rod  through  a  wotxlen  post. 

The  recognized  worldwide  maximum  wind  speed  mea¬ 
sured  at  a  surface  station  is  a  5-min  speed  of  91  m/s  and  a 
l-s  gust  of  101  m/s  measured  at  Mt.  Washington.  New 
Hampshire  Observatory  on  12  April  19.14.  Mt.  Washington 


is  1915  m  above  mean  sea  level  and  the  anemometer  was 
mounted  at  1 1.6  m. 

Operationally  speaking,  the  greatest  wind  extremes  are 
typically  in  northern  Scotland.  In  the  windiest  month  the 
l^f-  extreme  is  set  at  22  m/s  (a  1-min  wind  at  3  m  above 
ground  level).  Gusts  accompanying  this  extreme  are  esti¬ 
mated.  by  the  shortest  dimension  of  equipment,  at 


17.4.5  Structure  of  Jet  Streams 

Belts  of  exceptionally  strong  winds  are  jet  streams.  (The 
term  as  Cvvmmonly  used  applies  to  the  strong  westerly  winds 
found  at  the  base  of  the  stratosphere.)  Because  the  mete¬ 
orological  disturbances  vary  in  size  and  intensity  and  are 
moving,  the  jet  streams  vary  in  extent,  severity,  and  loca¬ 
tion.  Geographically-oriented  descriptions  obscure  signifi¬ 
cant  features.  As  Figure  17-17  shows,  this  is  overcome  by 
relating  the  features  to  the  position  of  the  core.  In  winter, 
the  centers  (or  cores)  of  jet  streams  are  found  at  altitudes 
between  9  and  1 2  km  in  latitudes  25°  to  70°  in  each  hemi¬ 
sphere.  In  summer,  jet  streams  arc  weaker,  higher  (11  to 
14  km),  and  farther  poleward  (35°  to  75°  latitude).  Generally 
speaking,  a  jet  stream  is  .several  thousand  kilometers  long. 
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several  hundred  kilometers  wide,  and  several  kilometers 
deep. 

The  typical  sttucture  of  jet  streams  is  shown  in  Figure 
17-17;  this  is  a  cross  section  showing  isotachs  (lines  of  equal 
wind  speed  blowing  "into  the  page")  labeled  in  percent  of 
the  wind  speed  at  the  jet  core.  Core  wind  speeds  range  from 
50  m/s  to  as  much  as  1.50  m/s  on  rare  wcasions.  Speeds  of 
75  m/s  are  common  in  winter.  Figure  17-17  also  shows  the 
thermal  held,  the  tropopause.  and  the  level  of  maximum 
wind.  Typical  wind  and  temperature  variations  across  jet 
streams  at  a  constant  altitude  or  vertically  through  Jet  streams 
can  be  determined  from  this  figure. 

Individual  jet  streams  are  vafiabic  and  may  differ  con¬ 
siderably  from  the  typical.  In  some  cases,  two  or  even  three 
jet  cores  may  K’  found  paralleling  each  other,  separated  by 
distances  of  several  hundred  km.  In  addition  to  these  de¬ 
viations  from  the  average,  eddies  of  various  sizes  are  present 
in  the  wind  and  temperature  lields.  as  shown  in  Figure 
1 7- IS.  Kxtreme  horizontal  changes  of  w  ind  and  temperature 
are  of  the  order  of  211  m/s  and  5  K  in  a  16-km  distance 
measured  perpendicular  to  the  jet  stream.  Variations  parallel 
to  jet  streams  are  an  order  of  magnitude  smaller. 

Clear  air  turbulence  is  closely  related  to  jet  stream  struc¬ 
ture;  measurements  show  that  it  is  more  likely  in  certain 
regions  than  in  others  jMcLcan.  I%2|.  At  the  level  of 
maximum  wind  (where  vertical  shear  changes  sign),  tur¬ 
bulence  was  observed  about  14')  of  the  tiriie.  From  Figure 
17-1')  it  can  be  seen  that  turbulence  is  most  likely  to  be 
found  north  I'f  the  jet  stream  core  near  the  polar  tropopause 
and  abine  the  core  along  the  tropical  tropopause.  Indication 
of  a  maximum  is  also  found  in  the  jet  stream  front 

Other  wind  currents  whtch  exhtbit  properties  similar  to 
those  show  n  in  Figure  17-17  are  the  low-level  jet  and  the 
tropical  easterix'  je:  stream  w  hich  is  observed  in  certain  areas 
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Figure  t7-IX  FAampIcof  wind  and  temperature  !'"lds  near  the  jet  stream. 


(for  example,  southern  India)  at  an  altitude  of  about  14  km 
in  summer. 

Frequently  it  is  too  expensive  to  design  equipment  to 
operate  under  extreme  conditions.  In  such  cases,  calculated 
risks  are  assumed  or  alternate  methods  of  operation  are 
devised  for  periods  when  such  conditions  exist.  If  high  wind 
speeds  or  strong  shears  normally  associated  with  them  ad¬ 
versely  affect  the  operation  of  a  particular  vehicle  that  is 
released  vertically  into  the  atmosphere,  it  may  be  desirable 
to  select  several  release  sites  spaced  far  enough  apart  to 
ensure  that  operational  conditions  will  exist  above  one  of 
the  stations  when  the  critical  wind  speed  or  shear  is  exceeded 
abt>ve  the  others.  In  such  cases.  Figure  17-17  will  be  useful 
in  selecting  alternate  sites;  it  indicates  the  average  rate  with 
which  wind  speed  decreases  with  distance  on  both  sides  of 
the  jet  stream  core.  For  example,  with  a  100  m/s  wind  at 
the  jet  stream  core.  Figure  17-17  indicates  th;  on  the 
average,  a  belt  of  winds  exceeding  70  m/s  can  be  expected 
to  extend  more  than  300  km  south  and  nearly  200  km  north 
of  the  core.  Consequently,  if  the  maximum  wind  likely  to 
occur  over  a  region  is  l(X)  m/s  and  the  vehicle  is  only 
designed  to  withstand  speeds  up  to  70  m/s  alternate  release 


DISTANCE  FROM  JET  STREAM  CORE  (km) 


htftir.'  IT-  hi  Turbulence  in  viiriouv  seclors  of  a  typical  jet  stream  cn^ss 
section,  il-requcncy  ('ri  of  fKcurrence  is  shown  for  each 
conitHir  > 
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'  sites  should  be  selected  at  least  500  km  apart.  As  the  jet 
stream  axis  occasionally  approaches  a  north-south  orienta¬ 
tion,  selected  sites  should  be  more  than  500  km  apart  in 
longitude  as  well  as  in  latitude. 


17.5  THERMOSPHERIC  WINDS 

Neutral  air  motions  are  a  major  key  to  our  understanding 
of  the  upper  atmosphere  at  thermospheric  altitudes.  A  va¬ 
riety  of  phenomena  associated  with  the  neutral  and  ionized 
atmosphere  need  to  be  explained  in  terms  of  a  unifying 
description  of  thermospheric  dynamics.  Neutral  density, 
composition,  and  temperature  characteristics  are  related  to 
geomagnetic  storm-induced  circulation  processes  and  sea¬ 
sonal  and  diurnal  tides.  Aspects  of  ionospheric  structure 
depending  directly  on  winds  and  compositional  transport 
include  maintenance  of  the  nighttime  ionosphere,  spread  F- 
layers,  scintillations,  and  geomagnetic  storm  effects. 

The  dynamics  of  the  upper  atmosphere  are  controlled 
mainly  by  solar  EUV  and  UV  heating,  waves  and  tides 
propagating  upward  from  the  mesosphere,  ion  drag  inter¬ 
actions  with  the  ionosphere,  and  energy  and  momentum 
sources  associated  with  auroral  region  processes  (magne- 
tospheric  convection  and  particle  precipitation).  The  major 
heat  source,  due  to  solar  electromagnetic  radiation,  is  de¬ 
posited  mainly  at  low  and  midlatitudes  and  is  reasonably 
well  understood.  At  high  latitudes,  magnetospheric  con¬ 
vection  eflects  are  important  even  during  geomagnetically 
quiet  times.  They  dominate  the  high  latitude  circulation 
during  geomagnetic  storms.  Magnetospheric  convection 
processes  are  extremely  variable  and  are  not  well  understood 
(see  Chapter  8).  The  phenomenon  involves  ionospheric  plasma 
driven  into  motion  by  electric  fields  interacting  with  the 
neutral  atmosphere  via  collisions.  The  neutral  constituents 
gain  energy  through  Joule  dissipation  of  currents  and  gain 
momentum  through  ion-neutral  drag  [Straus,  1978;  Mayret 
al..  1978). 

Most  of  our  present  knowledge  of  thermospheric  neutral 
winds  is  based  on  calculations  made  by  using  semiempirical 
dynamic  models  of  the  neutral  armosphere.  The  pressure 
gradients  inherent  in  these  density  modeis  provide  the  pres¬ 
sure  forces  that  drive  the  thermospheric  circulation-  At  ther¬ 
mospheric  altitudes  the  collision  frequency  is  sufficiently 
high  that  the  air  may  be  regarded  as  a  fluid  subject  to  hy¬ 
drodynamic  equations  of  motion.  Therefore,  the  equations 
of  fluid  motion  can  be  integrated  to  determine  the  wind 
system  that  should  result  from  the  pressure  distribution. 
These  equations  are  the  same  as  those  used  by  meteorolo¬ 
gists  to  study  the  lower  atmosphere,  but  are  modified  to 
include  two  additional  terms  that  are  important  in  the  ther¬ 
mosphere:  a  viscous  force  and  an  ion  drag  force.  Kinematic 
molecular  viscosity  transfers  momentum  between  various 
altitude  regions  and  thus  smoothes  out  vertical  gradients  in 


wind  velocity.  It  is  inversely  proportional  to  density  and  is 
large  enough  above  .100  km  to  prevent  development  of  large 
vertical  and  horizontal  sheai's.  Ion  drag  is  a  coliisiona'  in¬ 
teraction  between  charged  particles  and  neutral  particles. 
Outside  the  auroral  zone,  where  electric  fields  arc  small, 
the  ions  above  1 20  km  can  be  assumed  to  corotate  with  the 
earth.  A  neutral  wind  flow-ng  through  the  ions  experiences 
a  eollisional  drag  that  is  a  maximum  at  the  peak  of  the 
ionospheric  layer.  A  global  distribution  of  electron  density 
[for  example  Ching  and  Chiu,  197.1]  is  used  to  determine 
the  ion  drag  in  various  model  calculations. 

The  important  terms  in  the  equations  of  motion  of  the 
neutral  air  velocity  U  are 

^■=F-2ftxU  -  v„,(U  -  V)  -h  -I-  g 

dt  p 

(Acceleration)  =  (Pressure  gradient  force)  -  (Coriolis 
term)  -  (Ion  Drag)  -h  (Viscous  Drag)  -h  (Gravity) 
where 


=  ^  +  (U  •  V)U 

0t 


and  V  is  the  ion  drift  velocity,  ft  is  earth's  angular  velocity, 
F  is  the  driving  force  per  unit  mass  due  to  pressure  gradients 
determined  from  a  model.  v„i  is  the  appropriate  neutral-ion 
collision  frequency,  p.  is  the  coefficient  of  kinematic  vis¬ 
cosity.  p  is  the  atmospheric  density,  and  g  ir.  the  acceleration 
due  to  gravity.  Since  this  equation  contains  the  ion  velocity 
and  the  collision  frequency  that  is  proportional  to  the  ion 
concentration,  it  is  necessary  to  take  into  consideration  the 
equation  of  motion  and  continuity  equation  for  the  ions. 
Methods  of  solutions  to  this  set  of  equations  for  thermos¬ 
pheric  altitudes  have  been  extensively  described  by  Rishbeth 
1 1972).  (Note  that  the  definition  of  winds  does  not  include 
the  corotation  of  the  atmosphere.  Results  in  this  chapter  are 
presented  in  a  coordinate  system  that  rotates  with  the  earth). 
The  accuracy  of  all  models  of  global  winds  systems  is  lim¬ 
ited  by  lack  of  experimental  data  and  Self-consistent  mrxiel 
solutions.  Complete  specification  of  the  wind  fields  requires 
solving  a  large  set  of  non-linear  partial  differential  equations 
in  three  dimensions  that  relate  the  hydrodynamic  and  elec¬ 
trodynamic  properties  of  the  neutral  and  ionized  components 
in  the  atmosphere  to  the  energy,  mass,  and  momentum 
sources  of  the-  magnetosphere-ionosphere-thermosphere 
system, 

A  orief  review  of  thermospherie  wind  properties  de¬ 
duced  from  experimental  data  is  given  in  Section  17.5.1. 
The  remainder  of  this  chapter  describes  winds  data  derived 
from  vari  us  models,  which  are  only  briefly  described  here. 
Referenci  provided  should  be  consulted  for  the  theoretical' 
aspects  and  for  detailed  descriptions  of  the  results.  Numer¬ 
ous  plots  excerpted  from  the  relevant  journal  articles,  .sum¬ 
marize  these  data.  The  development  over  the  past  decade 
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of  a  general  circulation  mtxlel  at  the  National  Center  for 
Atmospheric  Research  (NCAR)  is  traced  historically.  Vari¬ 
ations  in  circulation  as  a  function  of  season,  solar  .cycle, 
altitude,  and  latitude  arc  given  in  Section  17. 5.2.  Local  time 
variations  arc  shown  in  Section  17.5..^.  Results  of  including 
the  effects  of  magnetospheric  convection  are  shown  in  Sec¬ 
tion  17.5.4.  This  section  also  includes  the  recent  work, 
described  in  a  serie.s  of  papers,  of  the  University  College 
of  London  group  in  determining  the  influence  of  magne¬ 
tospheric  convection.  At  present,  the  effects  of  heating  by 
particle  precipitation  at  high  latitudes  and  by  upward  prop¬ 
agating  atmospheric  tides  and  momentum  deposition  by  ti¬ 
des  at  lower  latitudes  arc  not  included  in  the  above  models. 
There  arc  insufficient  data  on  which  to  build  an  adequate 
model  of  particle  precipitation.  Tidal  phenomena  have  been 
extensively  described  by  Forbes  and  Garrett  1 1979)  and  by 
Forbes  |'l982a.bl  and  should  eventually  be  incorporated  as 
part  of  thermospheric  dynamic  mrxlels. 


,17.5.1  Observational  Summary 
and  Limitations 

Direct  measurements  of  winds  in  the  thermosphere  are 
difficult  to  make  and  there  have  been  insufficient  observa¬ 
tions  for  development  of  empirical  models.  Techniques  in¬ 
clude  ground-based  Fabry-Perot  spectrometer  measure¬ 
ments  of  the  6.^00  A  line  in  the  airglow  (for  example.  Hays 
and  Roble.  1971;  Sipler  et  al..  1982)  and  incoherent  scatter 
radar  techniques  (for  example.  Evans.  I975|.  rocketbome 
chemical  release  experiments  | for' example.  Kelley  et  al.. 
I977|.  and  satellite  data  from  mass  spectrometers  (for  ex¬ 
ample.  Spencer  et  al..  1976]  and  acceleiometers  [DeVries, 
1972;  Marcos  and  Swift.  1982).  These  limitations  are  being 
ameliorated  at  F'  region  altitudes  with  Dynamics  Explorer 
satellite  data  from  the  Fabry-Perot  Interferometer  [Hays  et 
al..  1981 1  and  Winds  and  Temperature  Spectrometer  [Spen¬ 
cer  et  al..  1981  [.  An  extensive  review'  of  reeent  thermo¬ 
spheric  w  ind  measurements  has  been  given  by  Rcble  [  I98.t[. 
General  features  of  w  ind  patterns  deduced  from  these  ex¬ 
perimental  data  in  this  reference  arc  summarised  below  for 
different  latitude  regions.  For  more  detailed  informati.m  on 
various  experimental  techniques  and  results  obtained,  the 
reader  should  consult  Roble  [  198.t|  and  references  therein. 

The  general  circulation  at  midlatitudes  at  F  region  heights 
is  controlled  mainly  by  solar  heating  during  quiet  geomag¬ 
netic  conditions  and  high  latitude  heat  sources  daring  storms. 
Experimental  data  obtained  when  geomagnetic  activity  is 
low  indicate  a  flow  from  the  high  temperature  dayside  of 
the  thermosphere  to  the  low  temperature  nightside.  Daytime 
poleward  meridional  winds  are  50- KK)  m/s  and  nighttime 
equalorward  winds  are  about  100-2(K)  m/s.  These  values 
depend  on  ion  drag  and  season.  Zonal  winds  arc  generally 
found  to  be  westward  before  local  noon  and  eastw  ard  in  the 


aftcmrxrn.  A  nighttime  tmnsition  occurs  in  early  morning 
(winter)  or  near  midnight  (summer).  During  geomagnetic 
storms,  data  show  the  influence  of  high  latitude  heat  sources. 
Observed  effects  include  enhanced  nighttime  winds,  earlier 
nighttime  transition  of  zonal  winds  from  eastward  to  west¬ 
ward.  a  tendency  for  a  midnight  "surge"  of  winds,  and 
occasionally  enhanced  poleward  daytime  winds.  Fabry-Perot 
data  at  Fritz  Peak.  Colorado,  showed  nighttime  peak  egua- 
torial  winds  of  650  m/s  were  linearly  related  to  the  time 
rate  of  change  of  the  equatorial  ring  current,  and  peak  equa¬ 
torial  meridional  and  westward  zonal  winds  were  related  to 
the  square  of  the  auroral  electrojet  index. 

At  near-equatorial  latitudes  the  circulation  is  primarily 
controlled  by  solar  heating,  upward-propagating  tides  from 
below  100  km.  large-scale  neutral  gas-plasma  interactions 
(such  as  E  X  8  drifts),  and  effects  related  to  geomagnetic 
storms.  A  unique  feature  in  this  region  is  the  equatorial 
midnight  temperature  bulge  discovered  in  incoherent  scatter 
and  satellite  data.  This  persistent  but  variable  feature  has 
been  attributed  to  a  complex  interaction  between  the  up¬ 
ward-propagating  semidiurnal  tide  and  ion-neutral  momen¬ 
tum  coupling  associated  with  the  diurnal  variation  of  ion 
density.  A  general  trend  observed  is  that  nighttime  equa- 
torward  winds  weaken  and  sometimes  reverse  after  midnight 
in  response  to  this  bulge.  Othe;  features  of  the  low  latitude 
circulation  include  seasonal  variations  with  stronger  equa- 
torward  winds  in  summer  than  in  winter,  and  zonal  winds 
that  are  eastward  throughout  the  night  during  winter  and 
spring  but  have  a  westward  reversal  during  early  morning 
hours  in  the  summer. 

At  high  latitudes.  F  region  data  indicate  magnetospheric 
convection  is  the  dominant  factor  controlling  wind  systems. 
Fabry-Perot  measurements  [Hays  et  al..  1979)  show  early 
evening  westward  winds  in  the  direction  of  magnetospheric 
convection  and  give  evidence  of  a  heat  source  located  near 
ioca)  midnight.  Heppner  and  Miller  [1982|.  analyzing  39 
chemical-release  rocket  experiments  at  high  latitudes,  found 
that  winos  in  the  magnetic  dusk  sector  above  160  km  follow 
tne  magnetospheric  convection  pattern  with  a  time  lag  of 
about  two  hours.  They  also  observed  a  140-160  km  altitude 
transition  region  in  the  wind  pattern.  Meriwether  et  al.  i  19821 
used  airglow  data  to  show  stixsng  magnetospheric  convec¬ 
tion-driven  winds  with  superimposed  variability  probably 
due  to  particle  precipitation.  Dynamics  Explorer  (DE)  sat¬ 
ellite  data  analyzed  by  Killeen  et  al.  [1982]  shov/  wind 
velo<;ities  of  600-800  m/s.  They  further  show  that  the  DE 
data  can  be  described  as  a  superposition  of  a  "background” 
solar-driven  wind  field  and  a  wind  field  driven  by  high 
latitude  energy  and  momentum  sources.  DE  data  of  Spencer 
et  al.  [1982[  showed  zonal  winds  of  about  1  km/s  related 
to  convecting  ions.  These  strong  zonal  winds  frequently 
correlated  with  vertical  motions  having  velocities  of 
100-2,50  m/s.  Knutson  et  al.  [  19771  also  found  evidence  of 
large  vertical  winds,  up  to  65  m/s.  in  the  early  morning  sec¬ 
tor  of  the  aurora!  zone,  w  ith  no  simple  correlation  with  Kp. 


WINDS 


17.5.2  Diurnally  Averaged  Winds 

17.5.2.1  Seasonal  Variations  at  Solar  Maximum.  The 

zonal  mean  (diumally  averaged)  thermospheric  circulation 
has  l>een  calculated  for  solar  maximum  equinox  and  solstice 
conditions  respectively  by  Dickinson  et  al.  |I975.  19771 
using  a  two-dimensional  (time-dependent)  model  run  under 
steady  state  conditions.  Their  model  utili^ted  a  zonally  av¬ 
eraged  version  of  lower  atmospheric  dynamic  meteorology 
equations,  heat  and  momentum  sources  used  were  solar 
EUV  and  UV  heating,  high  latitude  heating  due  to  auroral 
processes  (assumed  distributed  uniformly  in  longitude)  and 
a  momentum  source  resulting  from  correlation  of  the  diurnal 
variation  of  winds  and  ion  drag.  This  model  uses  a  5°  lat¬ 
itude-by-longitude  grid  with  24  constant-pressure  surface 
layers  extending  in  altitude  from  about  100  to  500  km.  (Note 
that  the  altitude  of  a  constant  pressure  surface  can  vary.) 
Their  results  showed  that  >vhile  the  winds  are  driven  pri¬ 
marily  by  heating  due  to  solar  EUV  and  UV  absorption,  a 
high  latitude  heat  source  was  also  required  to  give  an  equa- 
torward  mean  meridional  circulation  in  agreement  with  in¬ 
coherent  scatter  observations  [Evans.  1972).  Equinoctial 
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circulation  properties  are  schematically  represented  in  Fig¬ 
ure  17-20.  This  figure  shows  the  mass  flow  of  the  cellular 
motion  above  about  80  km.  Figure  17-20a  shows  the  cir¬ 
culation  during  a  very  quiet  geomagnetic  period.  Upward 
,  motion  occurs  over  the  equatorial  subsolar  point  and  flows 
poleward  to  high  latitudes  where  sinking  motion  occurs. 
The  small  reverse  circulation  at  high  latitudes  is  due  to  a 
small  high-latitude  heat  source  as  well  as  persistent  solar 
heating  over  the  polar  regions.  During  average  geomagnetic 
activity  (Figure  l7-20b)  the  equatorward  circulation  is  larger. 
Below  ~  150  km  the  strong  solar  UV  heating  still  maintains 
a  poleward  flow.  At  higher  altitudes  the  flow  is  equatorward 
to  about  20°  latitude.  During  large  geomagnetic  storms  (Fig¬ 
ure  l7-20c)  the  equatorward  circulation  extends  to  the  equa¬ 
tor  and  circulation  below  150  km  is  also  modified.  The 
situation  is  similar  during  solstice.  Under  geomagnetically 
quiet  conditions  (Figure  17-2 la)  the  asymmetry  in  solar 
heating  drives  a  summer-to-winter  circulation.  For  average 
geomagnetic  conditions  (Figure  17-21b).  the  high-latitude 
heat  source  reinforces  the  summer-to-winter  circulation  in 
the  summer  hemisphere  but  forces  a  reverse  circulation  in 
the  high  latitude  winter  hemisphere,  with  transition  from 
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one  cell  to  another  in  the  niidlatitude  winter  hemisphere. 
Below  - 1 50  km  the  summer-to-winter  circulation  is  main¬ 
tained  at  all  latitudes.  During  large  geomagnetic  storms 
(Figure  l7-2lc)  the  circulation  is  equatorward  atnrve  3(X) 
km  in  both  hemispheres,  with  an  asymmetry  at  lower  alti¬ 
tudes. 

Roble  et  al.  1 19771  have  extended  this  analysis  to  de¬ 
termine  seasonal  circulation  patterns  for  solar  maximum 
(F  =  165  units)  and  solar  minimum  conditions  (F  =  80 
units).  A  solstice-type  circulation  is  maintained  except  for 
about  a  week  cither  side  of  equinox.  This  circulation  is  most 
intense  at  solstice  and  weakens  as  equinox  is  approached. 
The  transition  periixi  is  controlled  in  part  by  the  high-latitude 
heat  source  which  in  turn  is  related  to  geomagnetic  activity. 
For  higher  geomagnetic  activity  the  transition  from  equinox 
to  solstice  circulation  (Kcurs  more  rapidly.  The  derived  diur- 
nally  average  meridional,  zonal,  and  vertical  winds  for  solar 
maximum  conditions  are  shown  in  Figures  17-22-17-24 
respectively.  These  results  correspond  to  average  geomag¬ 
netic  conditions. 

During  equinox  the  meridional  flow  (Figure  l7-22a)  be¬ 
low  150  km  is  directed  from  the  equator  to  Iwtn  poles  at 
about  5  m/s.  At  higher  altitudes  the  pole-to-equator  flow 
has  a  maximum  veliK'ity  of  about  .50  m/s  near  60°  latitude 
in  both  hemispheres.  By  October  6  (Figure  17-22b)  the 
circulation  below  1.50  km  is  almost  completely  reversed  in 


the  summer  hemisphere.  The  summer-to-winter  circulation 
intensifies  from  50  to  200  m's  as  the  season  progresses 
toward  the  solstice  conditions  of  Figure  1 7-22c  and  d.  Above 
~200  km  an  intensification  of  the  summer  hem.isphere  equa¬ 
torward  circulation  penetrates  into  the  winter  hemisphere 
and  forces  the  boundary  between  the  two  oppositely  directed 
winds  poleward  as  the  season  progresses  toward  solstice. 
This  boundary  ,is  near  the  equator  at  equinox  and  at  ~60° 
latitude  for  solstice.  Also,  the  strongest  equatorward  winds 
in  the  high  latitude  winter  hemisphere  decrease  from  about 
.50  m/s  at  equinox  to  about  .30  m/s  at  .solstice. 

The  derived  zonal  winds  during  equinox  (Figure  1 7-23a) 
arc  relatively  weak  above  2(Ki  knl.  As  the  season  progresses 
(Figure  17-23b  and  c)  there  is  a  gradual  increase  in  wind 
speeds  above  ~I50  km  in  the  summer  hemisphere'and  be¬ 
low  150  km  in  the  winter  hemisphere.  At  solstice  (Figure 
I7-2.3C)  there  are  generally  westward  winds  in  the  summer 
hemisphere  and  eastward  winds  in  the  winter  hemisphere. 
In  the  winter  hemisphere  the  veIcKity  at  ~  120  km  increases 
to  120  m/s.  Above  200  km  the  maximum  solstitial  velocities 
increase  to  60  m/s  in  the  summer  hemisphere  and  40  m/s 
in  the  winter  hemisphere.  ■ 

Vertical  velocities  shown  in  Figure  17-24  are  given  in 
units  of  cm/s.  Below  -- 120  km  the  vertical  velocity  at  equi¬ 
nox  (Figure  17-24a)  is  upward  in  the  equatorial  region  and 
downward  at  middle  and  high  latitudes.  By  October  6  (Fig- 
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The  calculated  zonal  mean  contours  of  zonal  wind  component  (in  m/s)  for  4  days  representing  the  seasonal  variation  during  solar  maximum 
(a)  equinox.  September  21.  (b)  October  6.  (c4  October  21.  and  (d)  winter  solstice.  December  21  jRoble  et  al.  I977|. 


The  cah  ulalcd  /oniil  mean  onitours  of  vertical  wind  conifHincnt  tin  cni.'sl  for  4  days  representing  the  seasonal  va,  alum  iliinng  solar 
maximum  lai  equinox.  September  21.  <bi  (Xtoher  b.  ic>  ()etoN:r  21.  and  idi  wiiuer  solstice.  December  21  iRohle  el  al.  1^77} 
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Figure  17-25.  Calculated  contours  of  the  perturbation  zonal  mean  temperature  and  winds  for  December  solstice  during  solar  minimum:  (a)  meridional 
winds  (in  m/s),  (b)  zonal  winds  (in  m/s).  (c)  temperature  (in  K)  and  (d)  ventcal  winds  (in  cm/s)  [Roble  et  al.  1977). 


ure  17-24b'  these  motions  become  upward  in  the  summer 
hemisphere  and  downward  in  the  winter  hemisphere.  This 
pattern  intensifies  as  solsr'ce  is  approached  (Figure  17-24c 
and  d).  Maximum  upward  velocities  occur  at  high  latitudes 
and  maximum  downward  velocities  occur  at  mid-latitudes. 
The  main  seasonal  effect  above  ~2(X)  km  is  the  increasing 
asymmetry  between  hemispheres  as  the  season  progresses. 
At  high  latitudes  the  summer  hemisphere  upward  veloci¬ 
ties  a.e  about  six  times  greater  than  those  in  the  winter 
hemisphere. 

17.5.2.2  Solstice  Variations  al  Solar  Minimum.  Re¬ 
sults  of  calculations  for  solar  minimum  (F  =  80)  December 
solstice  conditions  are  presented  as  Figures  !7-25a--d  for 
the  meridional  wind,  zonal  wind,  perturbation  temperature, 
and  vertical  wind,  respectively.  The  high  latitude  heat  source 
required  to  obtain  reasonable  agreement  between  the  model 
and  experimental  data  was  4.4  times  smaller  than  that  re¬ 
quired  for  solar  maximum  conditions. 

The  meridional  winds  (Figure  l7-2.‘5a)  are  directed  from 
the  summer  to  winter  hemisphere  at  all  altitudes  and  lati¬ 
tudes.  A  maximum  veltKity  of  90  m/s  occurs  near  .^30  km 
at  60''  latitude  in  the  summer  hemisphere.  The  magnitude 
of  the  winds  in  the  summer  hemisphere  are  lower  than  those 
at  solar  maximum  by  ab<iut  a  factor  of  two  The  derived 
high  latitude  heat  source  in  the  winter  hemisphere  is  not 


sufficiently  large  to  drive  a  reverse  circulation.  Poleward 
winds  are  encountered  at  all  latitudes  in  the  winter  hemi¬ 
sphere.  The  zonal  winds  (Figure  17-250)  are  westward  in 
the  summer  hemisphere  and  eastward  in  the  winter  hemi¬ 
sphere.  These  winds  are  similar  in  magnitude  to  those  of 
solar  cycle  maximum.  In  general,  the  zonal  jets  near  120 
km  are  slightly  greater  during  solar  maximum  than  during 
solar  minimum.  At  higher  altitudes  the  converse  is  true. 
Perturbation  temperature  data  are  shown  in  Figure  17-25c 
but  are  not  discussed  here.  Vertical  velocity  results  are  shown 
in  Figure  l7-25d.  In  the  summer  hemisphere  the  winds  are 
generally  directed  upward  except  for  a  small  region  of  down¬ 
ward  velocities  near  40°  above  -- 175  km.  Downward  winds 
occur  at  all  latitudes  in  the  winter  hemisphere.  Vertical 
velTcities  are  smaller  during  solar  minhiium  than  during 
solar  maximum. 


17.5.3  Local  Time  Variations 

A  time-dependent  “Three-dimensional  General  Circu¬ 
lation  Model"  (TGCM)  developed  by  Dickinson  et  al.  [1981] 
permits  specification  of  winds  in  latitude-local  time  coor¬ 
dinates.  This  model  uses  the  same  geophysical  inputs  as  in 
Dickinson  et  al.  |1975.  1977]  and  Roble  et  al.  [1977). 
Results  are  presented  in  Figures  !7-26  and  17-27  for  solar 
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Figure  17-26.  Calculated  global  distribution  of  winds  aiid  perturbation 
temperature  (K)  along  two  constant  pressuic  surfaces:  (a) 
I  =  1  at  approximately  300  k.n  and  (b(  z  =  -  4  at  ap¬ 
proximately  120  km  for  equinox  conditions  during  solar 
cycle  maximum  Both  solar  healing  and  a  high-latitude 
heat  source  are  included.  The  maximum  wind  arrow  is  1.30 
m/s  in  (a)  and  90  m/s  in  (bl.  (Dickin.sqn  el  al..  I98l|. 
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Figure  17-27.  Calculated  global  distribution  of  winds  and  perturbation 
temperature  (K)  along  two  con.stant  pressure  surfaces:  (a) 
z  =  I  at  approximately  300  km  and  (b)  z  =  -4  at  ap¬ 
proximately  120  km  for  solstice  conditions  during  solar 
cycle  maximum.  Both  solar  heating  and  a  high-latitude 
heal  source  are  included.  The  maximum  wind  arrow  is  1 80 
m/s  in  (a)  and  75  m/s  in  (b)  (Dickinson  el  al.,  1981). 


maximum  equinox  and  solstice  conditions,  respectively,  a' 
altitudes  cf  120  km  and  .300  km.  Solid  lines  shovn  in  these 
figures  represent  a  calculated  perturbation  temperature  from 
global  mean  values  derived  from  the  model  and  are  fully 
described  in  Dickinson  et  al.  11981).  The  present  discuss’.on 
considers  only  the  wind  results,  depicted  by  arrows. 

Al  .300  km  the  equinoctial  winds  blow  from  the  daytime 
high  pressure  region  near  1700  LT  into  the  nighttime  low 
pressure  region  near  ClOO  LT  as  shown  in  Figure  l7-26a. 
Maximum  winds  of  130  m/s  occur  at  night  when  ion  drag 
is  smallest.  At  120  km  (Figure  17-26b)  tne  maximum  arrow 
corresponds  to  90  m/s.  The  low  latitude  dynam.ic  structure 
exhibits  a  semi-diurnal  variation.  At  high  latitudes  the  cir¬ 
culation  remains  nearly  diurnal. 

Results  for  solstice  (southern  hemisphere  summer)  at 
300  km  are  shown  in  Figure  17-27a.  High  latitude  heating 
greatly  enhance:;  the  flow  toward  the  winter  hemisphere. 
The  maximum  wind  vector  is  in  the  nighttime  summer  hemi¬ 
sphere  with  an  equatorward  veltKity  of  180  m/s.  At  120  km 
(Figure  !  7-27b)  the  complex  circulation  pattern  again  shows 
a  pronounced  semi-diurnal  oscillation  at  low  latitudes  and 
a  dominent  diurnal  variation  at  high  latitudes.  The  maximum 
velocity  of  90  m/s  occurs  for  high  latitude  night  conditions. 


17.5.4  Magnetospheric  Convection  Effects 
on  Neutral  Winds 

More  detailed  and  higher  resolution  models  of  ther¬ 
mospheric  dynamics  have  resulted  from  incorporating  elec¬ 
tric  field  miTdels  to  provide  both  an  energy  and  r  .omentum 
source  at  high  latitudes.  This  permits  including  the  important 
influence  of  high-latitude  plasma  convection.  The  magni¬ 
tude  of  the  magnetospheric  convection  is  defined  b’'  the 
electric  potential  diop  across  earth's  polar  cap.  Values  to 
1.30  kV  are  possible  during  strong  geomagnetic  slorms.  Cor¬ 
relation  of  polar  cap  convection  potential  drop  with  more 
conventional  indicators  of  geomagnetic  activity  including 
the  Kp  and  AE  (auroral  elcctrojei)  indices  has  been  studied 
'■y  Rciff  et  al.  1 1981 1.  They  found  that  AE  had  a  correlation 
coefficient  of  0.71  with  the  electric  field  data  while  Kp  had 
a  relatively  we,tk  correlation  coefficient  of  0.55. 

Roble  et  al.  |1982|  have  used  the  electric  field  model 
of  Vo'land  1 1975.  1 979a, b)  in  their  Thermospheric  General 
Circulation  Model.  Results  have  been  initially  presented  to 
compare  two  cases:  ( 1 )  solar  EUV  and  UV  heating  only  and 
(2)  solar  heating  plus  a  20  kV  cross-tail  potential  to  simulate 
low  geomagnetic  conditions.  These  runs  assume  equinox 
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and  solar  cycle  maximun.  "ondit^ons  and  coincident  geo¬ 
graphic  and  geomagnetic  ptiies.  Circulation  and  temperature 
data  are  shown  on  polar  plots  for  50°N  to  90°N  geographie 
latitude.  As  in  Figures  17-26  and  17-27.  arrows  represent 
wind  magnitude  and  direction,  and  heavy  solid  lines  rept- 
reser.t  perturbation  temperatures. 

Figures  17-28  a  and  b  show  the  circulation  pattern  pre¬ 
dicted  at  1.70  km  and  .700  km.  respectively,  in  response  to 
solar  heating  only.  These  results  are  the  same  as  obtained 
for  Figures  17-26  and  17-27.  but  in  polar  plot  format.  The 
characteristic  dayside  to  nightside  flow  is  found  at  'he  130 
km  level  (Figure  17-28a).  At  high  latitudes  the  daily  vari¬ 
ation  pait-m  is  mainly  diurnal  while  a  semidiurnal  com- 
ponen*  is  indicated  at  low  latitudes.  A  counter-clockwi.se 
circulation  is  centered  near  0600  LT  and  75°N  latitude. 
Maximum  winds  of  75  m/s  occur  in  the  polar  region.  At 
the  .7(K)  km  level  (Figure  17-28b)  the  strongest  winds  are 
again  iii  the  polar  region.  However,  the  day-to-night  flow 
is  now  rotated  to  the  left  of  that  for  the  130  km  case. 

The  effect  of  including  a  20  kV  cross-tail  potential  is 
shown  in  Figure  17-29.  in  the  lower  thermosphere  (Figure 
17-29a)  the  dawn-dusk  temperature  contrast  is  enhanced  in 
the  polar  region  but  the  winds  are  only  slightly  changed 
(from  a  maximum  of  75  m/s  to  80  m/s).  However,  in  the 
upper  thermosphere  (Figure  17-29b)  the  overall  temperature 
contours  are  not  significantly  r'(xlified.  but  the  polar  region 
winds  are  greatly  affected  in  magnitude  and  direction.  Max- 
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imum  winds  increase  from  120  m/s  to  200  m/s  over  the 
poles.  Also,  the  pattern  of  circulation  in  the  polar  cap  is  in 
the  direction  of  the  plasma  drift  associated  with  magneto- 
spheric  convection.  At  lower  latitudes  the  influence  of  mag- 
netospheric  convection  is  much  smaller. 

The  TGCM  [Roble  et  al  .  19821  was  then  modified  to 
include  displaced  geographic  and  geoma^gnetic  poles.  Data 
are  given  bclOw  for  a  20  kV  and  60  kV  (moderate  geo¬ 
magnetic  activity)  case.  Figure  1 7-30  shows  circulation  pat¬ 
terns  for  the  20  kV  case  at  1 30  km  and  300  km  for  06(X) 
UT  and  1800  UT.  At  1.70  km  (Figures  17-30a  and  b)  the 
eounter-clockwise  circulatitrn  on  the  momingside  is  near 
80°  latitude  and  0°  longitude  at  Cv>00  UT.  Figure  17-70b 
(1800  UT)  shows  it  has  a  UT  dependence  due  to  the  dis¬ 
placed  poles.  The  ,700  km  circulation  patterns  are  shown  in 
Figures  I7-.70'.  and  d.  These  are  analyzed  as  zonal  and 
meridional  components  in  Figure  17-31.  Maximum  zonal 
winds  (Figures  1 7-3 la  and  b)  are  about  200  m/s  in  the  polar 
region  at  1800  UT  and  are  about  150  m/s  at  0600  UT. 
Maximum  meridional  winds  (Figures  17-31c  and  d)  at  high 
latitudes  are  also  generally  about  50  m/s  greater  at  1800  UT 
than  at  0600  UT.  Mixlel  results  obtained  by  increasing  the 
cross-tail  potential  to  60  k V  ( moderate  geomagneti.;  activity) 
are  .shown  in  Figure  17-32.  At  120  km  (Figures  l7-32a  and 
b)  the  maximum  wind  velocity  increases  to  102  m/s.  The 
counterclcKkwise  wind  rotation  around  the  low  temperature 
vortex  also  increa.ses  in  magnitude.  At  300  km  (Figures 
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Figure  17-29.  Polar  plots  giving  the  dircctiiin  and  magnitude  of  the  calculated  northern  hemisphere  high-latitude  circulation  and  contours  of  perturbation 
temperature  iKl  including  magnctdspheric  convection  with  a  cross-tail  potential  of  20  kV  along  (a)  the  7  =  -4  (1.70  kni)  and  (b)  /  -  +1 
(300  kmt  constant-pressure  surfaces  for  the  case  of  solar  heating  alone.  Ttie  wind  speed  a.ssociaied  with  the  maximum  arrow  is  KO  m/s  in 
la)  and  22.3  tos"  in  (h)  IRohle  el  al..  I9X2|. 


1 7-32c  and  d)  the  winds  in  the  magnetic  polar  cap  increase 
to  380  nt/s.  These  wind.,  are  enhanced  by  ion  drag  with  the 
incremental  winds  tending  to  follow  the  twin  ion  drift  vor¬ 
tices  associated  with  magnetospheric  convection.  The  dou¬ 
ble  vortex  wind  system  at  F-region  heights  extends  down¬ 
ward  into  the  lower  the-miosphere.  However,  there  is  a 
significant  shift  in  the  patteni  with  the  main  features  at 
120  km  assiK'iated  with  the  cold  low-pressure  ana  warm 
high-pressure  regions. 

Robleet  al.  |  i983j  have  extended  the  TGCM  to  examine 
seasonal  variatioiis  for  solar  cycle  maximum  conditions. 
This  version  of  the  mixlcl  assumes  coincident  geographic 
and  geomagnetic  poles;  universal  time  effects  are  not  in¬ 
cluded.  Results  are  shown  for  the  three  cases:  ( I )  solar  EUV 
and  UV  heating  only,  (2)  solar  heating  plus  a  20  kV  cross¬ 
tail  potential,  and  (3)  solar  heating  plus  a  60  kV  cross-tail 
potential. 

Results  for  southern  hemisphere  summer  at  the  altitude 
of  approximately  130  km  are  given  in  Figure  17-33.  With 
solar  heating  only  (Figure  l7-33a)  the  circulation  is  again 
from  the  high  tempicraturc  nentn  sector  toward  the  midnight 
sector  where  maximum  wind  velocities  of  about  7.3  m/s 
(K’cur.  With  a  20  kV  cross-tail  pi'icntial  (Figure  l7-33b) 
there  is  very  little  change  in  the  circulation  pattern.  The 
maximum  wind  speed  is  77  m's  Ft.r  the  60  kV  case  (Figure 
l7-3,3c)  the  circulation  pattern  changes,  retlecting  the  influ¬ 
ence  of  the  larger  magnetospheric  convection  ton  velocities. 


The  maximum  wind  speed  of  89  m/s  occurs  directly  over 
the  polar  region.  Vortex  development  occurs  on  the  mom- 
ingside  of  the  polar  cap.  obstructing  the  .seasonal  flow  from 
ihe  high-to-low  temperature  regions.  The  effect  of  mag¬ 
netospheric  convection  is  to  redirect  the  overall  flow  pattern, 
resulting  in  a  jet  over  the  polar  cap. 

Results  for  winter  conditions  in  the  northern  hemisphere 
at  f20  km  are  given  in  Figure  1 7-.34.  In  each  case,  a  counter- 
clwkwise  circulation  is  driven  throughout  the  high  latitude 
region  by  a  low-pressure  system  over  the  pole.  Maximum 
wind  speeds  increase  fioni  lOS  m/s  to  1 17  nt/s  to  120  m/s 
as  the  cross-tail  potential  increases  from  zero  kV  to  20  kV 
to  60  kV.  Magnetospheric  convection  effects  are  less  than 
in  summer  i.Kcause  of  the  lower  electron  density  and  con¬ 
sequently  decreased  ion  drag  momentum  source. 

Results  for  the  altitude  of  approx imaiely  300  km  for 
southerri  hemisphere  summer  winds  arc  given  in  Figure 
17-3,3.  Maximum  winds  increase  from  1 10  rn/s  for  the  zero 
kV  case  (Figure  P-33a)  to  2(K)  m/s  for  the  20  kV  case 
(Figure  l7-33b).  For  both  cases  the  neutral  winds  tend  to 
follow  the  two-cell  pattern.  For  the  60  kV  case  (Figure 
i7-33c)  anti-sunward  winds  increase  to  380  m/s.  Further, 
at  the  boundary  of  t..^  i.-.iar  cap.  the  wind  direction  is 
sunward.  lV>llowing  the  pattern  of  magnetospheric  convec¬ 
tion.  .An  ei|uatorw  ard  surge  in  wind  velocities  is  also  ob¬ 
served  near  local  midnight. 

I'irculation  patterns  for  the  .3(X)  km  w  inter  case  are  given 
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Figure  17-33.  Polar  plots  giving  the  direction  and  magnitude  of  (he  cal¬ 
culated  southern  hemisphere  (summer)  high-latitude  cir¬ 
culation  and  contours  of  peiiurbation  temperature  (K)  along 
the  /  *  -  4  ( 1 30  km)  constant-pressure  surface  at  Decem¬ 
ber  solstice  for  (:*'  solar  heating  only,  <b)  solar  heating  plus 
magnetosphenc  convection  with  a  cross-tail  potential  of  20 
kV,  and  (c)  solar  heating  plus  magnctospheric  convection 
with  a  crosvtail  ptuential  4)f  60  kV.  The  wind  speed  as- 
MKiated  with  the  maximum  arrow  is  75  m/s  in  (a),  77 
m's  in  (b)  and  89  m/s  in  (c)  IRoblcct  al  .  I9K3|  (Rcpnnted 
with  permission  from  Pergamon  Press  Ltd.  r  19X3.) 

in  Figure  17-36.  As  for  the  corresponding  case  at  120  ktn. 
the  circulation  patterns  for  the  zero  and  20  kV  cases  are 
similar,  with  the  maximum  wind  increasing  from  181  (Fig¬ 
ure  17-36a)  to  2(X)  m/s  (Figure  17-36h).  For  the  60  kV  case 
(Figure  l7-36c)  polar  winds  increase  to  330  m/s.  These 
winds  also  show  a  surge  near  02(X)  LT.  There  is  again  a 
tendency  to  follow  the  two-cell  pattern  of  magnetospheric 
convection  with  a  reduced  effect  due  to  the  lower  winter 
electron  densities. 

Pole-to-pole  cylindrical  equidistant  projections  of  winds 
and  temperatures  as  a  function  of  local  time  as  given  by 
Roble  et  al.  |I983|  are  shown  in  Figure  17.-37  for  120  km 
and  Figure  17-38  for  3(X)  km.  Figure  17-37  shows  that  the 
major  effect  of  magnetospheric  convection  in  the  lower  ther¬ 
mosphere  occurs  at  high  latitudes  in  the  summer  with  a  60 
kV  potenti. '  as  discussed  previously.  In  the  upper  ther¬ 
mosphere  (Figure  17-38)  the  60  kV  potential  has  a  much 
more  pronounced  influence  on  the  high-latitude  circulation. 
Maximum  winds  of  about  4(X)  m/s  occur  at  high  latitudes 
near  liKal  midnight  and  are  equatorward.  Changes  are  ob¬ 
served  even  at  lower  latitudes,  indicating  that  the  high- 
latitude  energy  input  is  redistributed  globally  by  the  ther¬ 
mospheric  wind  system. 
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Figure  I7-.t4.  Polar  plots  giving  the  direction  and  magnitude  of  the  cal¬ 
culated  nonhem  hemisphere  (winter)  high-latitude  circu¬ 
lation  and  contours  of  perturbation  temperature  IK)  along 
the  z  =  -  4 1 1 .10  km)  constant-pressure  surface  at  Decem¬ 
ber  solstice  for  (at  solar  healing  only,  lb)  solar  healing  plus 
magnetospheric  convection  with  a  cross-tail  potential  of  20 
kV.  and  Ic)  solar  healing  plus  magnetospheric  convection 
with  a  cross-tail  potential  of  60  kV.  The  wind  speed  as¬ 
sociated  with  the  maximum  arrow  is  lOX  m/s  in  la).  1 17 
m/s  in  (b)  and  120  m/s  in  (c)  IRoble  el  al..  I98.1|.  (Re¬ 
printed  with  permission  from  Pergamon  Press  Ltd  C  198.1.) 

Roble  et  al.  1 1983j  also  give  meridional  winds  and  tem¬ 
perature  data  in  altitude-latitude  coordinates.  Results  are 
given  for  the  cases  of  a  zero  and  a  60  kV  potential  for  local 
times  of  1200  h  and  (XX)0  h.  In  Figures  17-39  (1200  LT) 
and  17-40  ((X)00  LT)  the  top  two  plots  show  tempieratures 
for  the  two  heating  cases  and  the  bottom  two  plots  show 
the  corresponding  wind  fields.  At  12(X)  LT.  maximum  ve¬ 
locities  for  solar  heating  only  are  75  m/s  and  125  m/s  over 
the  summer  and  winter  poles  respectively.  The  inclusion  of 
magnetospheric  convection  increases  the  flow  over  the  pole 
to  150  m/s  and  300  m/s  for  the  summer  and  winter  caSes 
respectively.  Also,  the  higher  summer  electron  densities 
permit  the  ion  drag  acceleration  source  to  accelerate  the 
winds  down  to  about  130  km  in  the  summer  hemisphere 
compared  to  about  180  km  in  the  winter  hemisphere.  Along 
the  (XK)0  LT  meridian,  comparison  of  Figures  l7-40a  and 
b  shows  the  magnetospheric  convection  greatly  enhances 
equatorward  flow.  As  the  cross-tail  potential  is  increased 
from  zero  to  60  kV,  winds  over  the  summer  pole  increase 
from  100  m/s  to  400  m/s  while  over  the  winter  pole  they 
increase  from  100  m/s  to  300  m/s.  The  sharp  wind  gradient 
near  60°  in  bolh  hemispheres  indicates  the  equatorward  limit 
of  magnetospheric  convection  forcing  for  this  kx’al  time. 
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Figure  17-35.  Polar  plots  giving  the  dia'ctitm  and  magnitude  of  the  ci»l- 
culaicd  southern  hemisphere  (summer)  high-latitude  cir¬ 
culation  and  contours  of  perturbation  temperature  ( K>  along 
the  /  -►I  ('-300  km)  constant -pressu»'e  surface  at  De¬ 

cember  solstice  tor  (a)  solar  heating  only,  (b)  solar  heating 
plus  magneti>sphcric  convection  with  a  cn>ss-tail  potential 
of  20  kV.  and  ic)  solar  heating  plus  magneiospheric  con¬ 
vection  with  a  cn»ss-(ail  potential  of  60  kV,  The  wind  speed 
asMKiated  with  the  maximum  arrow  is  1 10  nv's  in  (a).  200 
ms  in  (bi.  and  .^80  m's  in  (c)  [Roble  ct  al..  19831,  iRc- 
printed  with  peniiission  from  Pergamon  Press  Ltd-  1983.) 


Figure  17-36.  Polar  plots  giving  the  direction  and  magnitude  of  the  cal¬ 
culated  northern  hemisphere  (winter)  high-latitude  circu¬ 
lation  and  conturs  of  pcnurbatlon  temperature  (K)  along 
the  2  =  +1  (-300  km)  constant-pressure  surface  at  De¬ 
cember  solstice  for  (a)  solar  heating  only,  (b)  solar  heating 
plus  magnett>spheric  convection  with  a  cmss-tail  potential 
of  20  kV.  and  rc)  solar  heating  plus  magnetospheric  con¬ 
vection  with  a  cross-tail  potential  of  60  kV.  The  wind  speed 
assixriated  with  the  maximum  arrow  is  181  m/s  in  (a).  200 
m/s  in  (b),  and  339  m/s  in  (c)  (Rohic  cl  al..  1983].  (Re¬ 
printed  with  pcrmissMMi  from  Pergamt>n  Press  Ud.  ©  1983.) 
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Figure  17-37.  Cylindrical  cquKli>fanT  pnqections  giving  (he  direction  and  magnitude  of  the  calculated  circulation  and  coniiMfs  of  pcrtjrbalion  temperature 
(K»  alt>ng  the  7  ■  ~4  (1.^0  km)  cimstanl-prcssurc  surtacc  for  December  solstice  for  la)  solar  healing  onl\.  (b)  solar  heating  plus  mag¬ 

netospheric  convection  w  ith  a  cross-tail  p»Mential  of  20  kV.  and  (c)  solar  heating  plus  magnetospheric  ctmvection  with  a  cross-tail  potential 
of  6()  kV.  The  wind  speed  assivialed  with  the  maximum  arrow  is  lOK  \  in  Ca).  1 17  m  s  in  (hi  and  120  m  s  in  (c)  |Rt>hle  et  al  .  1983). 
iRcprinled  with  permissnm  from  Pergamon  Pre»  Ltd  1983.) 
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Figure  t7-3K.  Cylmdricul  equiJlNlanl  pr><|ivti«nN  giving  ihc  diivclion  and  niagnilude  »!'  the  calculated  circulation  and  contourv  ot  penurhation  temperatua’ 
(K)  along  the  /  =  *  I  l.UK)  knti  convtant-prevvure  surface  for  IX-cemher  solstice  for  lal  solar  heating  only,  (hi  siilar  heating  plus  mag- 
netospheric -convection  with  a  cross-tail  potential  of  2tl  kV.  and  Ici  solar  healing  plus  ntagneiospheric  convection  with  a  cross-tail  p-.uential 
of  htl  kV  The  wind  s)ved  asvicialed  viith  the  niavimum  amm  is  )XI  m/s  in  lal.  22(1  m/s  in  thl  and  .(HO  m/s  in  tel  (Rohle  ct  al..  l9H.f|. 
I Kcprinied  with  permission  fro, ti  Pergamon  Press  l.id  '■  IdX.f  i 


The  TGCM  niixlcl  has  been  run  to  simulate  conditions 
encountered  by  the  Dynamics  Explorer  (DE-2)  satellite.  Re¬ 
sults  from  two  on-board  wind  sensors  | Killeen  et  al..  1982; 
Spencer  et  al..  I982|  were  combined  to  provide  thennos- 
pheric  winds  alonj;  the  spacecraft  pyth.  at  an  altitude  of 
about  .1(X)  km.  These  data  were  then  compared  to  the  TGCM 
predictions.  Experiment;il  data  tibtained  on  the  four  orbits 
over  high  southern  latitudes,  shown  in  Figure  1 7-4 1  a  are 
considered  representative  of  sumnKT  conditions,  (.txal  times 
are  between  night  and  early  morning  hours.  Data  are  shown 
in  polar  plots  and  in  geomagnetic  cotirdinates.  Further  de¬ 
tails  of  these  data  are  in  the  paper  by  Robic  et  al.  1 198.4|. 
This  tigure  shows  strong  control  of  the  winds  by  magne- 
tospheric  convection  and  the  characteristic  two-cel!  con¬ 
vection  pattern.  Maximum  winds  are  over  the  polar  cap  and 
have  veliKities  between  .‘s(X)  and  T.Sd  m/s.  Winter  (northern 
hemisphere)  polar  data  for  three  passes  are  shown  in  Figure 
1 7-4 lb.  l.tKal  times  are  during  twilight  and  daytime  hours. 
Magnetospheric  convection  control  of  the  winds  is  evi¬ 
denced  by  their  similarity  with  those  for  summer  conditions. 
Maximum  s|K’eds  of  .‘'(X)-  H(X)  m/s  are  found  in  the  polar 
cap.  In  the  auroral  oval,  the  winds  are  sunward  with  speeds 


of  about  .')(X)  nVs.  The  TGCM  simulations  used  a  60  kV 
pirfential  and  displaced  geographic  and  geomagnetic  poles. 
Results  for  the  summer  and  winter  cases  arc  given  in  Figures 
l7-42a  and  b  respectively.  The  model  data  generally  agree 
with  the  direction  of  the  experimental  data.  However,  the 
mvxJcl  wind  magnitudes  underestimate  the  measured  winds. 
Maximum  model  values  are  400- .SOO  m/s.  Roble  ct  al.  1 1983| 
note  that  K’tter  agreement  could  be  obtained  by  increasing 
the  cross-tail  potential  and  ion-drift  velwities  in  the  mag¬ 
netospheric  ctmvection  mtxlel,  but  that  such  a  mixlification 
is  not  warranted  until  the  ion-drag  niomentum  source  is 
better  deiined  (from  DH-2  satellite  plasma  measurements). 

Roble  el  al  |  I98.f  |  have  also  examined  whether  a  linear 
combinaiitvn  of  solar-driven  and  high-latitude  auroral-driven 
circulation  and  temperature  structures  repr'xluce  the  total 
structure.  .Such  a  linear  combination  would  allow  high-lat¬ 
itude  plasma-dynamic  interactions  with  neutral  gas  to  be 
analyyed  independently,  with  the  results  superimposed  lin¬ 
early  on  the  solar-driven  results.  This  would  have  the  ad¬ 
vantages  of  simplifying  analyses  of  Dynamics  Explorer  data 
and  placing  more  contidence'  in  linear  perturbation  mtxlel 
approaches  to  (hermospheric  dynamic  studies.  Their  finding 
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hijiurv  17. .Vj  Meridional  cross  sections  eivinji  c<»ntours  (»f  the  cakulaic-i  pcnurhaiion  temperature  <K>  |ial  and  (h»|  and  nK’ridit)na)  >»ind  speed  tm  s. 

p»»siti\e  north\sard»  |ic)  and  (d)l.  resp^'ctivoly  The  KkuI  time  of  the  nwridional  slice  is  !2l^>  l.T.  (a)  and  (c>  are  the  perturhaiion  temperature 
and  riHrridiorial  \sind  for  the  case  of  s^Uar  heatiny’  <>nly.  and  (b)  and  (d)  are  the  pcnurhaiion  temperature  and  mcridit>nal  wind  for  the  case 
of  solar  heatine  plus  maeiietospheric  consection  with  a  cniss-tail  potential  of  Nl  kV  jRoble  et  al  .  iRcpnuted  with  permission  from 

Pereaiihin  Press  I. id  ‘  l^JxVt 


was  iiiat  a  linear  superposition  is  ueeuratc  to  within  10^  -liYA 
at  K  rccion  iK-ichts.  where  motion  is  mainly  eontrolled  by 
the  ion  drag  momentum  souree.  In  the  lower  thennospherc 
the  linear  eombination  is  not  a  good  approximation,  appar¬ 
ently  beeaiise  of  the  non-linear  nature  of  energy  transp  'rt 
h\  winds  and  ol  Joule  heating  which  is  a  Junction  oC  the 
square  ol  the  dillerenee  K'tween  neutral  and  ion  vehK'ities, 
It  therelore  appears  that  non-linear  models  are  required  for 
lower  thermospheric  studies. 

rhermospherie  winti  variations  as  a  funetion  of  time  due 
to  a  substorm  eonesponding  to  moderate  geomagnetic  ae- 
tuiiy  hint  been  calculated  h\  Riller  Rowell  and  Rees  |  !‘)SI  |. 
These  results  were  derived  using  the  global  th>'ee-dimen- 
sional.  time-de|vndent  numerieal  niixlel  of  Rees  et  al.  1 1  W)|, 
Kuller-Rowell  and  Rees  |  lUXI  |  estim.ae  that  their  input  cross- 
tail  potentials  for  the  example  given  here  rep'csenl  a  vari- 
at!on  in  Kp  Irom  aboui  one  to  about  six  and  back  to  about 
one  in  sueeesvive  h  lui.-rvaK.  Hquinoetial  solar  maximutn 


conditions  and  coincident  geographic  and  gevtmagnetic  poles 
are  assumed.  Winds  are  calculated  for  altitudes  120  and  240 
km  from  onset  of  the  stomi  to  4..S  h  after  onset  at  20-min 
intervals.  Results  are  shown  here  at  I  =  0,  I .  and  2  h  to 
indicate  the  complex  nature  of  the  time-varying  response. 
Longer  term  effects  are  also  noted  in  the  text.  Data  are  again 
presented  as  polar  plots  from  .‘'If  -W'’  iiorth  geographic  lat¬ 
itude.  Arrows  representing  w  inds  are  scaled  to  40  m/s  =  2° 
latitude  at  120  km  and  160  m/s  --  2"  latitude  at  240  km. 

Pre-storm  conditions,  t  =  0,  at  120  km  (Figure  l7-43a) 
show  a  strong  anti-solar  Mow  in  the  evening  polar  cap  which 
partially  returns  via  a  —40  m/s  sunward  flow  in  'he  morning 
auroral  oval.  Il  is  partially  dellceied  in  the  midnight  region 
into  the  westward  IT.tvx  of  the  evening  auroral  oval  (2(XKf-02(X) 
l.T)  to  eventually  rejoin  the  general  anti-sunwani  flow.  These 
results  are  in  general  agreement  with  the  20  kV  data  of 
Rtible  et  al.  tl0K2|  shovxn  in  Figure  17-2'Ja.  At  t'  =  I  h 
iFigiire  17-4 3bi  peak  wind  amplitudes  of  -  180  m/s  occur. 
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i'lgurc  17-40  Meridional  cross  sections  contours  <»f  the  calculated  penurhatioj.  temperature  tK)  (la)  and  ib){  and  meridional  vLind  speed  (m  s. 

positive  nonhvs.ard)  |ici  and  (di(.  respectively.  The  hval  time  o!  the  iiurridiona!  slice  is  00(K)  LT.  (a)  and  (e)  are  the  pcrturbatiim  temperatut'* 
and  nKndional  wind  tor  the  case  of  solar  healing  onP  .  and  tbl  and  <d)  are  the  pedurhution  lempcr-'un'  and  mendional  wind  o  the  case 
of  solar  heatine  plus  niaj:netospher\’  convecium  with  a  crv>ss.tail  ptHeniial  of  60  kV  IRohk  et  al..  IVX.^1,  tRepiintcd  with  pennission  from 
F^-rganmn  I^L'ss  <  IMX.V) 


Other  signilicant  IValures  are  pdicwurd  winds  in  the  after¬ 
noon  seetor  '•outh  of  7(rN  latitude,  equatorward  winds  from 
midnight  to  midday  in  the  morning  region  south  of  65°N 
latitude  and  a  steadily  increasing  suri’e  from  dusk  to  dawn, 
over  the  ptdar  eap.  At  t  =  2  h  (Figure  .  1 7-43e)  vekvities 
have  fallen  to  about  half  their  maximum  values.  Also,  an 
anii-eyelone  eireulation  has  been  established  with  center 
near  22(X)  LT  and  74"  latitude.  There  is  also  a  complimen¬ 
tary  eyelonie  eel!  centered  near  KXH)  LT  and  74°  latitude. 
These  cells  have  vel'Kities  of  IW)  m/s  and  decrease  very 
slowly  with  time.  At  4..*'  b  after  onset  the  winds  south  of 
65  N  latitude  revert  to  c'-sentially  pre-storm  conditions  in 
the  aftcrniH)n  and  evening.  In  the  morning  sector  equator- 
ward  winds  of  60  m/s  persist.  Polev.ard  of  6.*''  latitude  the 
antieyelonie  nighttime  and  weaker  eyelonie  daxiime  vortices 
continue,  along  with  the  connecting  dusk  to  dawn  (low . 
Fuller-Roweli  and  Rees  ||0HI|  indicate  that  these  vortices 
may  persist  for  several  more  hours. 


Greater  wiind  magnitudes  are  observed  at  240  km.  The 
anti-sunu/ard  flow  over  the  polar  cap  at  t  =  0  (Figure 
t7-44a)  is  about  .^(X)  nv's  (compared  with  L50  m/s  when 
solar  heating  is  the  only  source  in  ;he  thermosphere).  Also, 
in  the  late  evening  auroral  m  al  (l6(X)-240t)  LT)  there  is  a 
signiheant  sunward  (low  which  fornis  a  cell  centered  abr'ut 
72°  latitude  with  -losure  over  the  polar  cap.  South  of  60°N 
latitude  the  wind  circulation  is  only  slightly  modified  by  the 
electric  field.  Grk  hour  into  the  substormi  (Figure  l7-44b). 
winds  in  the  evening  auroral  oval  and  over  much  of  the 
ptrlar  can  exceed  .KX)  fn/s.  Near  15(10  LT  and  7.5°  latitude 
the  velocity  is  450  m/^.  Horizontal  winds  con'.erge  near 
70°-7.5'  lat'tude  and  l.'’'X)  |,T  due  to  the  auroral  oval  jets. 
Vx’hile  not  evident  in  the  limited  data  shown  here,  there  arc- 
strong  oscillations  due  'o  gravity  waves  whieti  have  already 
propagate*!  to  SO  latitude  in  the  early  morning  hours,  af¬ 
fecting  Nnh  .■onal  and  meridional  winds  Wind  magnitudes 
in  the  midday  region  have  been  significantly  decreased  but 
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ngure  17-41.  Polar  plots  of  the  measured  wind  vector  at  F-region  heights  along  the  DE-?  satellite  path:  (a)  winds  on  four  orbits  measured  over  the 
southern  magnetic  polar  cap  on  22-23  Oct  1981  and  (hi  winds  mea.sured  on  three  orbits  over  the  northern  magnetic  polar  cap  on  3*4  Dec 
1981  IRoble  et  al..  I98;-1.  (Reprinted  with  permission  from  Pergamon  Press  Ltd.  ©  1983.) 
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Figure  17-42.  Polar  pVts  of  the  calculated  wind  vector  at  F  region  heights  along  the  same  DF-2  satellite  paths  shown  In  Figure  17-31:  (a)  winds  for  the 
same  four  orbits  over  the  s<iuthcm  hemisphere  magnetic  p«djr  cap  in  CXtobcr  and  (hi  winds  for  the  same  three  orbits  over  the  northern 
magnetic  polar  cap  in  December  |Rob!e  ct  al...  i9K3|.  iRcprimed  with  peimission  from  Pergamon  Press  Ltd  C  1983  I 
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Figure  !7-4.V  Polar  plot  of  dynamkal  response  of  winds  at  120  km  to  a  large  goomagneiic  storm  at  (a)  t  “  0  h.  (h)  l  =  I  h,  and  (cl  l  =  2  n  Winds 
arc  sealed  to  40  ni/s  2"  latitude  IFuller-RowcM  and  RecS.  I9H!|.  (Reprinted  with  pennission  from  Pergamon  Press  Ltd.  CC  1981.) 


not  reversed.  Wind  vectors  over  the  polar  cap  appear  to 
Converge  to’.v;.,d  the  midnight  part  of  the  auroral  oval.  This 
is  due  to  the  poleward  gravity  wave  launched  by  the  dayside 
auroral  oval.  The  hi^h  velocity  ion  flow  over  the  polar  cap 
also  provides  momentum  to  drive  surges  of  equatorward 
winds  at  midlatitude,  particularly  between  midnight  an-J 
dawn.  At  t  =  2  h  (Figure  !7-44c)  the  morning  circulation 
cell  is  tending  to  collapse,  but  the  evening  cell  is  hardly 
reduced.  Polar  cap  winds  haye  steadily  increased  to  maxi¬ 
mum  values  greater  than  6(X)  m/s  in  the  night  sector  between 
64°--70°  latitude.  Evidence  of  gravity  wave  cnaracleristics 


are  again  observed.  On  the  nightside  (2200  LT  to  0900  LT) 
strong  oscillations  of  b<ith  meridional  and  zonal  winds  iKcur 
w.th  latitude  and  longitude.  Also,  the  dayside  anti-solar 
circulation  has  been  stopped,  or  “deflected  '  since  the  late 
morning  winds  are  strongly  enhanced  relative  to  the  case 
for  solar  heating  only.  At  t  =  4  h.  the  model  runs  show 
that  the  late  morning  circulation  is  still  enhanced  and  that 
gravity  waves  reach  mid  to  low  latitudes.  Simulations  run 
out  to  12  h  after  onset  show  that  the  wind  ciiculation  has 
not  yet  returned  to  orestorm  conditions. 

An  improved  version  of  this  mooel  has  been  developed 
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Figure  17-44.  Polar  plof  of  dynamical  response  of  winds  at  241)  km  to  a  large  geomagnetic  storm  at  (a)  t  =  0  h,  (h)  t  -  I  h.  and  (c)  I  =  2  h.  Winds 
are  scaled  to  IftC  m/s  =  2®  latitude  (Fullcr-RowcII  and  Rees.  I9HI|.  (P.eprinted  with  permission  from  Pergamon  Press  l.td.  C  1981.) 


IRees  et  al..  1983].  If  incorporates  the  theoretical  treatment  The  DE-2  wind  data,  denoted  “KVEC",  are  shown  for 

by  Quegan  et  al.  1 19821  of  the  polar  and  auroral  ioni/spherc.  each  orbit  in  Figures  17-45  and  17-46  as  a  function  of 

This  results  in  a  much  more  realistic  electron  density  dis-  geographic  latitude.  The  left  side  of  the  graph  shows  evening 

tribution  at  high  latitudes  during  other  than  low  geomagnetic  data  and  the  right  side  of  the  graph  «hows  morning  data  for 

conditions  since  ionization  enhancements  due  to  magnetos-  the  October  data.  (Figure  17-45)  while  the  reverse  occurs 

pheric  phenomena  a-o  reflected.  This  ..econd  dynamical  model  for  the  December  data  (Figure  17-46).  Model  data  for  quiet 
and  the  earlier  version  (Rees  et  al..  1980)  have  been  com-  geomagnetic  conditions  (labeled  “CHIU”)  and  moderately 

pared  to  the  same  DE-2  Oct  81  and  Dec  81  data  shown  :n  disturbed  condifio^is  (labeled  “SHEFFIELD”)  are  shown  re- 

Figure  17-41.  Only  a  brief  description  of  the  extremely  .  spectively  above  and  below  the  experimental  data  for  each 
comprehensive  analyses  given  by  Rees  et  al.  1 1983)  is  pre-  orbit.  The  “SHEFFIELD”  results  are  from  the  new  dynam- 
semed  below.  ical  model  using  variable  electron  densities.  The  following 
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wind  features  were  identified  for  each  polar  pass:  (a)  a  region 
of  strong  antisunward  flow  over  the  geomagnetic  polar  cap 
with  considerable  variability  within  an  orbit  and  from  orbit 
to  orbit,  (b)  sunward  winds  (or  strongly  reduced  antisunward 
winds)  in  the  dawn  and  dusk  auroral  ovals,  (c)  antisunward 
winds  below  the  latitude  of  the  auroral  oval,  as  expected 
from  a  solar-driven  source,  and  (d)  highly  variable  high 
latitude  winds  with  only  a  general  correlation  of  velocity 
with  geomagnetic  activity. 

The  wind  veliKities  in  the  different  flow  regimes  and 
their  dependence  on  Universal  Time  and  geomagnetic  events 
were  studied  further.  The  relation  between  ion  drifts  and 
neutral  vekKities  showed  that  wind  veliKities  are  309f-60?{- 
of  ion  velocities  in  the  aftermion/evening  auroral  oval,  greater 
than  ion  velocities  over  the  prriarcap,  and  not  well  correlated 
with  ion  vekreities  in  the  dawn/moming  auroral  oval.  More 
detailed  studies  of  the  relationship  between  ion  convection 
and  neutral  winds  arc  planned  using  simultaneous  electric 
fidd  and  ion. drift  data  from  DE-2.  The  UT  variations  in 
neutral  winds  as  calculated  from  the  moderate  activity  model 
for  the  liKal  time  planes  of  the  Oct  8 1  and  Dec  8 1  data  are 
given  in  Figures  17-47  and  17-48  respectively.  These  plots 
are  necessary  to  explain  many  features  of  the  Wind  data 


related  to  locations  of  auroral  oval  boundaries.  There  is  a 
modulation  of  about  45°  in  the  geographic  location  of  these 
boundaries  as  a  function  of  Universal  Time.  Results  of  a 
simula'ed  polar  electric  field  enhanced  to  130  kV,  corre¬ 
sponding  to  a  Kp  value  between  ~5  and  7,  are  given  in 
Figure  17-49.  The  predicted  winds  have  been  compared  to 
those  obtained  during  the  disturbed  Dec  81  period.  At  au¬ 
roral  oval  latitudes  the  predicted  ^inds  exceed  the  measured 
data,  but  in  the  polar  cap  the  maximum  DE-2  winds  (orbit 
1813)  are  greater  than  the  model  values.  The  figure  illus- 
'trates  that  during  very  disturbed  periods  the  wind  patterns 
and  magnitudes  accommodate  to  the  expansion  of  the  au¬ 
roral  oval  and  the  increasing  Ion  convection.  Future  studies 
are  planned  to  examine  these  affects  and.  to  attempt  to  dis¬ 
tinguish  between  effects  of  high  latitude  momentum  aiid 
heating  (Joule  and  particle  heating)  processes. 
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This  chapter  deals  with  the  ahsorpiinn.  scattering,  emis¬ 
sion  and  refractive  properties  of  the  natural  atmospherc  fr»»m 
the  ultraviolet  through  the  microwave  region.  Nonlinear 
pn>pjgati«*n  priK'esses  (such  as  thermal  hltHuningi  are  not 
covered. 

The  natural  atmosphere  includes  the  range  of  those  av¬ 
erage  conditions  which  are  not  directly  aflected  hv  limited 
l<K'al  ptvK'esses  or  sources,  such  as  gases  or  particulates  f">im 
a  lire  or  industrial  plant,  a  dust  cloud  from  vehicular  traffic 
etc.  The  natural  atmosphea'  does  include  the  effects  of  mol¬ 
ecules.  aerosol  (ha/e)  particle's,  clouds,  fogs,  rain,  and  snow. 
The  vertical  extent  »>f  the  atmosphere  is  front  the  surface 
up  to  l(K)  km  altitude  A  brief  discussion  is  included  <>n  the 
earth  s  surface  rctlectance  properties  stnee  they  also  affect 
the  atmospheric  optical  properties. 

The  chapter  includes  descriptions  of  the  basic  physical 
relationships  of  optical  propagation  as  well  as  the  current 
state  of  experimental  knowledge  and  miHleling  of  th.*  at¬ 
mospheric  propagation  medium  An  extensive  anni’lated 
bibliography  covering  much  of  the  material  of  this  chapter 
was  compiled  by  NVisconibe  IIW.'I  in  Reviews  of  (ieo- 
physics  and  .Space  Physics 

18.1  .ATMOSPHERIC  GASES 

18. 1. 1  Atmospheric  Molecules,  Mtnlels 
of  the  Atmospheric  Comprrsition 

The  propagation  ofoptic.il  and  infi  ircd  radiation  through 
(he  atmospt  ere  depc'iids  on  ihc  compo-iiion  and  v  .iriahilily 
ol  the  atmosphere  Systcm.ilic  variations  in  the  density, 
pressure,  lemperature.  w.iis'r  vapor,  and  o/onc  as  a  function 
o(  lalitiKle  and  season  li.ivc  heen  known  lor  rrany  years 
The  deveiopmeni  of  moticl  .ilmosphcres  goi’s  back  to  the 


l‘>2(K.  Early  Standard  AtnxKphere  Models  reptvsente’d  mean 
conditions  of  temperature,  density,  and  pressure  as  a  func¬ 
tion  of  altitude.  During  the  N.SOsand  I  %(K  extensions  and 
supplemental  atmospheres  were  derived  that  describe  in  ad¬ 
dition,  the  seasonal  and  latitudinal  v  ariability  of  atmospheric 
structure  (sec  fhapters  14  and  I.S). 

For  the  purp«)sc  of  nvrdeling  the  optical  pnvperties  of 
the  atmosphere,  sfiecitically  as  described  in  Sections  IS. 4. 1 
tF.ASt’ODKiand  IS  4  Zd.’oWTR.ANl.the  IVb’  U  S.  Stan¬ 
dard  Atmirsphere  and  supplemental  model  atmospheres  were 
used  as  models.  Although,  updated  Standard  Atmo¬ 
spheres  have  been  published.as  recently  as  1*17^.  differences 
are  limited  to  altitudes  above  .^(1  km  where  the  adopted 
radiance  models  were  not  well  characterized. 

'Pressure,  temperature,  water  vapr'r  density  ,  and  ozone 
density  protiles  as  a  function  of  altitude  are  provided  to 
describe  these  molecular  atmospheric  iiKHlels,  These  pn>- 
liles.  taken  from  Mc'/latchey  et  al.  11^721.  ernrespond  !o 
the  (  S  Sii,initiinl  lVf)2  arnl  live  supplemen¬ 

tary  mvHicIs  |('ole  et  al. .  Idh.'v  or  f '  .V  Sutiuhinl  Trmovp/icrr- 
Suppltmtiti\  /‘zr'>A|;  TrtVpical  (I.S  N).  Midlatitavle  Summer 
(45  N.  July ).  Miillaiili..le  W  >ntcr(4.5  January  ),  Subarctic 
Summer  (Wi  \.  July),  aiul  Subarctic  Winter  (JiTi  N.  Janu¬ 
ary  I  These  prolilc'  arc  identical  to  the  ones  useil  in  the 
.  I.OWTR  W  cixic  Ikncizys  el  al,.  I'tHOI  The  water  vapor 
and  ozone  latitude  prolilc'  aildeil  to  the  I‘>rv2  I  S  Siamlard 
.Atiihvsphere  by  NKC  lalcliey  et  al,  |l*>72!  vvere  obtained 
from  Sissenvv  me  cl  .il  1 1 ‘W'S |  and  I  Icring  .mil  Bonlen  1 1 | 
respectively,  and  corrcsp<>nd  to  mean  annual  values  The 
water  vajvor  densities  for  the  l‘Mv2  U  S  Standard  Anno- 
sphcrc  corrcsi-Hinv’  to  rel.ilive  humidities  ot  approvimalely 
5')'f  lor  altitii.lcs  up  to  lOkm.  whereas  the  rclaliv'c  humidity 
Values  (or  Ihc  other  supplementary  nuHlels  tend  to  .lecieasi- 
with  alliliide  liom  approvimalely  SO'i  .it  sea  level  io  .ip 
proMinalelv  hi',  .it  M)  kni  .illilude.  -\K>ve  1 2  kiu  the  w ,iter 
v.ipor  Icnsity  proliles  dipi-  led  here  have  Ken  repl.Kci!  hy 
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Figure  18- 1 .  Tcmperaiufc  va  ultituck'  f«»r  ihe  su  rntnicl  Jim<»sphcn:st  in»p- 
k'jl  iTROPt.  midlatifutic  summer  (MSi.  miilluniudc  vernier 
iMWt.  suhaixhc  summer  <.SSl.  subarctic  v^inter  (SWi.  and 
I  S  standard  a  s  STDl 

nR>rc  rceem  meavurements  |RcmsK'rg  et  al..  1 9X4],  and  arc 
appnnimately  5  parts  per  million  by  volume{ppmv.)For  all 
mtxlcl  atnu>sphca’s.  the  gases  CO;.  N;0.  CO.  CH4.  N;. 
and  O.  aa'  considered  uniformly  mixed,  with  mixing  ratios 
of  .VMI.  (),2H.  (I.07.'«.  I  ft.  7.‘X1.V  X  I0\  and  :.(W.'5  x  |0' 
ppmv.  respectively. 

The  temperature  profiles  for  the  six  nuxiel  atmospheres 
as  a  function  of  altitude  are  shown  in  Figure  IS-I.  The 
pressure  pndiles  are  given  in  Figure  IH-2.  Figures  IX-.^  a 
and  h  show  the  water  sapor  density  versus  altitude  from  0 
to  ItX)  km.  and  an  expanded  profile  from  0  fo  .Ml  km.  Figures 


^l4■ufy  IH-^  pTc\*.uri‘  jltilikk'  lt»f  ihc  six  nxsfx't  jlns»sptKT.*\ 


(!•) 


Figure  18  ^  ta»  Water  \ap»»r  ilensit>  pn»hks  vs  altitude  fiir  the  sit  mttdel 
j|fi>i»spbcrcs 

tbi  Water  va|»T  xiensitv  pn»hlcs  vs  altitude  fur  the  sit  nmdel 
jim»»sphcrcA  sviih  the  region  fnmi  ti  to  km  expanded 


IX-4  a  and  h  and  Figures  |l<-5  a  and  b  show  similar  profiles 
for  o/one  and  relative  air  density 

.Measurements  ntude  Iri'm  balloon  Highis  j.Mureray  rt 
al  .  lOftX)  have  shown  the  exisienee  of  nitric  acid  in  the 
earth's  atmosphere.  .Although  nitric  acid  lUSO.l  is  of  only 
minor  importance  in  .itmospheric  transmittance  calculations, 
it  has  been  shown  to  be  a  signilicant  MHiiee  of  stratospheric 
emission,  p.iiiiciilarlv  in  the  ainiospheric  wiiulovv  region 
fr«>ni  10  to  12  nin  The  eoncenitaiion  of  atmospheric  nitric 
acid  vanes  wiih  .iltiliidc  and  also  appears  to  depend  on 
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(a) 


Fipirr  M-4  In  O/ane  protito  altiliiik  hw  (he  vt  m<Jel 

jdmnphcn:^ 

(hi  (>7<ine  Jrr^M\  pn>hlcN  vn  jhiiuJe  fiir  (he  vie  nitKlcl 
allni>^phere^  •!lh  (he  itshw  fnim  (I  k>  Ml  km  expiiklcU 

latitude  and  seavin.  Fijture  18-6  shdWN  the  volume  mixinc 
rjtid  pnifilc.dl  atnio>.phcric  nitric  acr-l  a>  a  function  of  al¬ 
titude  from  the  UK.‘aNurenK’nis  of  hsan>  ct  al.  |  t‘^'75|  Thic 
profile  has  been  chosen  t(>  represent  a  iiK*an  nitric  acid  protile 
for  the  six  rrMidel  atOMispheres: 

Since  all  of  the  afane  proHles  were  constructed,  krowl- 
edee  of  the  slate  o<  the  atcHisphiTe  has  increased  This  is 
panis'iilarlv  true  regarding  the  siralosplKre  and  the  concen¬ 
tration  (>f  minor  constituents  pur  example,  siraiospheric 
water  vapor  concentrations  for  the  six  profiles  given  in  Fig¬ 


ure  l8-3a  and  b  arc  now  known  to  be  too  high.  The  moL‘cl 
atmospheres  can  still  be  considered  representative  of  their 
respective  conditions  up  to  about  SO  km  for  temperature. 
30  km  for  ozone  densities,  and  the  tropopause  (approxi¬ 
mately  fnrm  8  km  in  the  article  to  IS  km  in  the  tropics)  for 
water  vapor.  These  models  are  still  used  for  cases  dominated 


(a) 


(I.) 

l-tirufc  .IK-^  (al  oi  fp  P  itT  .T».  the  rclaliw  air  vlensit).  >>  altitiKlc 
Nv  ihc  riHHk'i  atnx*\phercs  The  t»t  the  uoih*n7»l> 

mixed  ean*'*  i*-  prop^mumal  to  th1^  quantitv  P.  10!  '  rnh 
and  r :''.l  K 

ihi  IVtihle  <»t  (P  P  mT  /T ».  the  reUlivc  air  JcnMt> .  vs  aituiMk 
ft»f  the  ntawt;!  •rnh'-pitc.'Cs  With  ilic  rvjpuKis  o  to  ^0  km 
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Figure  IK  6  Volume  mixing  mho  protik  for  niinc  ;K'id  vx  altitude  from 
the  nKMMireriK'nis  ot  Kvan>  ct  al  j  Thi\  single  profile 
IS  used  voth  ail  of  the  six  nxxk'l  atmospheres 


hv  coiuli'  ''n>  in  the  troposphere.  For  eases  dominated  by 
stratospherie  eonditions  or  where  the  distribution  of  minor 
eopsiituent'  is  siemlieant.  tiKHJeiers  should  supply  tiieir  own 
profiles. 

i'here  are  several  revent  souaes  lor  profiles  of  temper¬ 
ature  and  minor  eonstifuent  density  The  f  '..V,  Standard 
AiminplK  i-t  /‘/"ft  upvlates  the  I‘)ft2  Standard  for  temperature 
above  .^11  km  ami  provides  revised  estimates  for  the  surfaee 
eoneentr.itions  of  what  was  termed  previously  the  "uni¬ 
formly  mixeil  eases"  I  he  new  values  for  the  voIuiik  mixinc 
ratios  of  rt)  .  N  ().  CO.  and  (11.  are  0  27.  (t  l‘>  and 
I  .^<1  ppmv  ..Netually  the  i.  oneenirations  ot  these  gases  do 
show  sienifieant  variations  from  these'  values,  pariieularly 
with  altitude  in  the  stratosphere  Cole  and  Kantor  |I‘)7S| 
prov  ule  sets  of  monihlv  mean  temperature  profiles  up  to  ‘Jff 
km  .It  l.x  inters .ils  Ix'tvveen  the  equator  ami  the  pole  Alone 
with  statisiKs  on  the  v.in.thility  ot  these  profiles,  they  also 
[vfoviile  iinskl'  ih.il  [>>nrav  loneitiulinal  variations  in  monthly 
me, in  values  ot  temperature  il'.irine  winter  months  and  the 
vertieal  v.ination  that  ixeurs  durme  stratospherie  warming 
and  v.Kiling  events  m  the  w  inter  .iretie  ami  siibaretie  Hough¬ 
ton  ll't""!  provides  se.ison.il  profile  temperatures  al  If)  N. 
ii)  \  and  "II  N  up  to  105  km  plus  ihe  original  referenees 
lor  ihe  dal.. 

I  or  profiles  o|  ihe  min.ir  eonsiitiieiits  meliHling  o/one 
an.i  sti.it, isphen.  w.iier  vapor  WMl )  1I')N2|  pr.'vules  an 
up  to  (late  ind  evh.e.i-  've  souive  Siv  also  Chapter  21  Muvh 
of  ilie  pioiiii  d.il.i  tr.im  :his  soure-  phis  Mime  more  reeent 
ine.i'Uivmeiit'  h.ive  Ken  lompiieit  as  aiiintal  .iverages  in  2 
km  steps  in  Smith  |hiS21 


18.1.2  Molecular  Absorption  and 
Spectroscopic  Parameters 

18.1.2.1  The  Role  of  Molecular  Absorption.  Molecalar 
absmption.  that  is.  attenuation  of  electromagnetic  rudiaiion 
by  the  nKchanism  of  molecules  absorbing  quanta  of  energy 
to  alter  vibraturnal  and  rotational  states,  is  of  prime  signif¬ 
icance  in  propagation  in  the  atmospnerc.  Although  the  ter¬ 
restrial  atmosphere  consists  primarily  of  nitrogen,  o.xygen. 
and  argon,  ahsiuption  in  the  infrared  reg'on  is  dominated 
by  species  with  very  litw  concentrations  but  very  active 
vihration-rtrtation  bands  such  as  water  vapor,  carbon, diox¬ 
ide.  o/«>ne.  and  nitrous  oxide.  Other  active  species  also  play 
an  important  ro'e  depending  oi.  the  region  of  the  electro 
magnetic  spec*r.im  being  investigated  or  the  layer  «)f  the 
atmosphere  being  probed. 

In  order  to  calculate  transmittance  due  to  a  given  spectral 
line  in  the  atnHvspherc.  it  is  useful  to  describe  Ihe  ahsvirplion 
coefficient  as  a  funv'ion  of  frequency  for  each  line.  Assum¬ 
ing  superptvsition  of  the  contribution  from  individual  spec¬ 
tral  transili'vns.  the  absorption  cixtflieicnl  kfv)  as  a  function 
of  wavenumN'r  v  (cm  ’)  can  be  considered  in  general  to  be 
a  product  of  the  radiation  field.  Ihe  molecular  system,  and 
Ihe  coupling  between  them.  This  can  be  expressed  (Clough 
el  al  .  I‘)KI(  as 

kti'l  =  V  tanh(hev'2kTl 

X  ptm.)  .S,(T)  (flv.  V,)  +  f(v.-i',)|.  (18. h 


where  ()(m,)(molec/vm')  is  the  density  for  the  molecular 
species  m,  with  transition  wavenumber  u,  responsible  for 
the  i'tb  tnmsition.  -S.tTi  fmolec/cnr’)  '  is  the  intensity  of 
Ihe  tranv-tion  al  temperature  T(K)  appnvpriatc  to  the  line 
shape  liiM’,1  ( I 'cm  ')  For  most  molecular  species,  the  line 
intensity  is  a  function  of  the  expectation  valut  ot  an  ex¬ 
pansion  of  the  electric  dipv'lc  moment.  For  some  species, 
for  example  nitrogen  and  oxygen  (Rothman  and  (lolilman. 
I9KI|.  the  much  weaker  electric  quadrupole  and  magnetic 
dipole  nMunents  arc  the  means  by  which  Ihc  quantum  slates 
change  In  terms  of  intensity  definition  used  in  toe  .AFGI. 
line  ctwupilations.  S.l'fi.  discussed  in  the  next  section,  we 
have  the  relationship 

Sa  l  t  =  tanh  ihcr  2kT  i  St  F  i 

1  e  - 

- S,(Tl.  (18.21 

I  +  e  IS',  VI 

The  line  shajK  function  ft  r.  i', )  is  dependent  on  molecular 
sptVics.  hroadv'mng  density  and  temperature  For  coliisional 
hfnuicnir.g  m  JK  impaci  iimii.  Ihc  form  factor  is  given  by 
Ihe  l.orent/  line  shape 
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n  (V  -V,)’  +  (Oj)- 


(18.3) 


where  Oj  (cm"')  is  the  collision  broadened  halfwidth  at  half 
maximum  (HWHM).  The  monochromatic  transmittance 
through  a  layer  of  homogeneous  medium  of  thickness  t  is 
obtained  by  the  Lambert-Beers  law 

'  T„  =  e  (18.4) 

where  the  exponent  is  called  the  optical  thickness: 

The  line  intensify  is  temperature  dependent  through  the 
Boltzmann  factor  and  the  internal  partition  function 

.  -  hcF.:4T 

S,(T)  =  d,(l  -  e  '  (18.5) 

where  0(T)  is  the  internal  partition  sum,  E,'  (cm"')  the  en¬ 
ergy  of  'he  lowerstate  of  the  transition,  and  d^  is  the  transition 
strength.  The  collisional  halfwidth  depends  on  the  specific 
molecule  and  can  be  expressed  in  terms  of  density  and 
temperature  as  . 


Mhe  exponent  Xt  is  1/2  with  the  usual  classical  theory  as¬ 
sumption  of  temperature-independent  collision  diameters). 
TIm  ratio  of  partition  sums  does  not  require  tlie  knowledge 
of  any  further  parameters  aside  from  the  fundamental  fre¬ 
quencies  of  the  viOrational  nuxics.  Thus,  at  least  for  local 
thermodynamic  equilibrium  conditions,  calculations  of  mo¬ 
lecular  absorption  (transmission  and  emission)  at  high  res¬ 
olution  basically  require  the  knowledge  of  four  essential 
parameters  ( I )  the  resonant  frequency  of  the  transition  f. 
(2)  the  intensity  per  absorbing  molecule  S,(T.,).  (.3)  the  Lor- 
entz  line  w  idth  parameter  aV,  and  (4)  the  energy  of  the  lower 
state  E,.  The  question  of  line  shape  will  be  discussed  in 
more  detail  in  Section  18.4.1.  The  effects  of  molecular 
(Rayleigh)  scattering  and  of  aerosol  scattering  and  absorp¬ 
tion  will  be  discussed  in  Sections  18.1.4  and  18.2  I.S. 


18.1.2.2  The  Atmospheric  Absorption  Line  Parametet 
Compilation.  From  the  preceding  discussion  it  can  he 
seen  that  a  compilation  of  spectroscopic  data  on  individual 
molecular  transitions  would  facilitate  the  stvcallcd  line-by- 
line  calculations  of  spectra.  These  high  resolution  calcula¬ 
tions.  that  is.  calculations  capable  of  reproducing  sfcclra 
obtained  by  such  instruments  as  Michelson  intcrlen>meters, 
tunable  diixie  lasers,  and  hetcnxlync  spectrometers  have 
been  developed  along  with  tlw  advances  in  computer  tech¬ 
nology .  In  the  !%(K  a  program  was  initiated  at  the  Air 
Fo.ee  Cambridge  Research  l.aNtratorie  (now  AFGI  )  to 
cr.'afe  such  a  compilation  and  the  assiviated  cikIcs  to  pro¬ 
duce  ■■ynthetic  spectra  |McClatchcy  et  al  .  1 97.1 1  The  'cope 
onginalK  umed  at  providing  a  complete  set  of  data  for  all 


vibration-rotation  lines  of  naturally  occurring  molecules  of 
significance  in  the  terrestrial  atmosphere.  Since  that  time 
these  data  have  been  expanded  in  terms  of  the  frequency 
covered,  addition  of  trace  species,  and  inclusion  of  weaker 
transitions  [Rothman,  1981:  Rothman  et  al..  1981.  I983a.bj. 
Historically,  these  data  have  been  divid>'d  into  two  atlases, 
a  Main  Compilation  comprising  transitions  of  the  most  ac¬ 
tive  terrestrial  absorbers  H-O.  COj.  Oi.  N.^O.  CO.  CH4. 
and  O2,  and  a  Trace  Gas  Compilation.  The  species  presently 
covered  by  these  data  bases  are  summarized  in  Table  18-1 . 
The  isotopes  are  abbreviated  by  the  code  161  =  H;''0. 
162  =  HD^t).  etc.  The  first  seven  species  (incorporated  in 
the  Main  Atlas)  include  all  transitions  contributing  to  at 
lea.st  10^  absorption  over  a  maximum  atmospheric  path. 
This  has  been  determined  from  standard  atmospheric  models 
of  the  uniformly  mixed  gases  and  the  two  nonuniformly 
mixed  gases,  water  vapor  and  o/onc.  The  standard  tem¬ 
perature  chosen  was  2%  k.  The  gases  in  the  Trace  Gas 
Compilation  were  made  available  for  a  variety  of  problems 
including  stratospheric  probing,  pollution  monitoring,  tem¬ 
perature  profile  retrieval,  and  laboratory  studies.  The  Main 
Atlas  covers  the  frequency  range  0  to  20  000  cm  '.  The  low 
frequency  or  millimeter  and  submillimettr  limit  represents 
primarily  pure  rotational  transitions  while  the  high  fre¬ 
quency,  dc  main  'epresents  for  the  mos'  pan  excited  vibra¬ 
tion-rotation  transitions  of  water  vapor.  The  Trace  Gas  Com- 
pilatioq  covers  the  'range  0  to  10  000  cm  '.  In  addition  to 
the  four  basic  parameters,  there  are  included  for  each  tran¬ 
sition  the  unique  quantum  identification,  the  molecule  and 
isotope,  and  a  reference  code: 

The  goal  of  generating  these  parameters  has  been  to 
create  a  theoretically  self-consistent  set.  ideally,  the  per¬ 
formance  of  quantum  mechanical  calculations  from  the  de¬ 
velopment  of  mathematical  nudels  of  the  molecular  system 
would  provide  the  necessc.-y  parameters.  This  has  been  sat¬ 
isfactorily  accomplished  in  many  cases,  the  hydrogen  hal¬ 
ides  being  a  prime  example.  In  cases  involving  compic.t 
rcMmanccs  or  anomalous  behavior,  theory  has  lagged  behind 
experiment  and  it  has  been  necessary  to  utilize  available 
observed  parameters.  The  latter  method  does  ntU  directly 
allow  fw  .'nterpol’iting  thv  unobserved  or  weaker  transitions 
that  might  play  a  role  in  long  path  or  high  temperature 
obsersations,  Nevcribeless.  a  fair  amount  of  success  has 
been  achieved  deriving  the  tabulated  parameters  i’,.  S,.  o,. 
E,  and  their  unique  quantum  identifications  w  ithin  the  frame¬ 
work  of  general  theories  of  molecular  spectroscopy  applied 
to  experimental  observations.  Details  of  the  basic  theory, 
specific  data,  and  treatment  of  exceptional  cases  car  be 
found  m  references  contained  in  the  articles  on  the  ct  m- 
pilations  [Rothman.  1981;  Rothman  et  al.  ,1981;  1983a; 
l98-3b|.  As  of  this  writing,  the  compilations,  representing 
the  culmination  of  international  effoits  in  molecular  spec¬ 
troscopy.  c«.<.tain  about  a  third  of  a  million  transitions.  The 
maintenance,  updating,  and  improvement  o'  these  data  is 
ongoing. 
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Table  18-1 .  Molecular  species  on  atmospheric  absorption  line  parameter  atlases. 


Molecule 

Isotope 

Relative 

Natural 

Abundance 

Molecule 

Isotope 

Relative 

Natural 

Abundance 

HsOd) 

161 

0.9973 

KNO,  (12) 

i46 

0.9891 

181 

0.0020 

171 

0.0004 

,  OH  (13) 

61 

0.9975 

162 

0.0003 

81 

0.0020 

62 

0.00015 

COs  (2) 

626 

0.9842 

636 

0.0111 

HF(14) 

19 

0.99985 

628 

0.0040 

627 

0.0008 

HCl  (15) 

15 

0.7576 

638 

0.00044 

17 

0.2423 

63/  , 

0.000009 

828 

0.000004 

HBr(16) 

19 

0.5068 

728 

0.000002 

II 

0.4930 

O,  (3) 

666 

0.9928 

HI (17) 

17 

0.99985 

668 

0.0040 

, 

686 

0.0020 

CIO (18) 

56 

0.7559 

76 

0.2417 

N;0  (4) 

446 

0.9904 

456 

0.0036 

OCS  (19) 

622 

0.937 

546 

0.0036 

624 

0.04 If 

448 

0.0020 

632 

0.0105 

447 

0.0004 

822 

0.0019 

CO  (5) 

26 

0.9865 

HsCO  (20) 

126 

'  0.9862 

36 

0.011 

. 

136 

0.01 11 

28 

0.0020 

128 

0.0020 

! 

27 

0.0004 

HOC!  (21) 

165 

0.7558 

CHa  (6) 

211 

0.9883 

167 

0.2417 

311 

0.01  II 

212 

0.00059 

N; (22' 

44 

0.9928 

O;  (7) 

66 

0.9952 

HCN(23) 

124 

0.9852 

68 

0.0040 

67 

0.0008 

CH,CI  (24) 

215 

0.7490 

217 

0.2395 

NO  (8) 

46 

0.9940 

H:0:  (25) 

1661 

0.9949 

SO:  |9l 

626 

0.9454 

646 

0.0420 

C;H: (26) 

1221 

0.9776 

NO;  not 

646 

0.9916 

CjH,.  (27) 

1221 

0.9770 

NH,  (111 

4111 

0.9960 

PH.  (28) 

1  il  1 

0.99955 

5111 

0.00.36 

18.6 


OPTICAL  AND  INFRARED  PROPERTitS  OF  THE  ATMOSPHERE 


18.1.3  Index  of  Refraction 

The  theory  of  molecular  optics  iBom  and  Wolf.  1975) 
derives  the  index  of  refraction  for  gases  from  the  scattering 
properties  of  molecules  (Lorentz-Lorenz  formula).  In  the 
atmosphere  the  index  of  refraction  m  is  very  close  to  I  so 
that  it  is  convenient  to  define  the  refractive  mcxlulus  N  as 

N  =  (m  -  I)  X  I0^  (18.7) 

N  is  a  function  o'"  both  wavelength  and  density  and  is  dif¬ 
ferent  for  dry  air  and  water  vapor.  For  optical  wavelengths 
greater  than  0.23  p.m  and  for  infrared  v/avelengths,  N  for 
atmospheric  conditions  is  given  by  the  following  formula 
from  Edien  |I966|: 


Table  18-2.  Refractive  mudulus  of  dry  air  at  I  atmosphere  and  288  K. 


Wavelength 

((cm) 

Wayenumber 
(cm  '') 

N  =  (m-l)  X  10® 

03 

4.35  X  To* 

308.0 

0.25 

4.00  X  10" 

301.5 

0.30 

3.33  X  10" 

291.6 

0.40 

2.50  X  10" 

282.7 

.  0.50 

2.00  X  10" 

279.0 

075 

1.33  X  10" 

275.4 

1.0 

10000 

274.2 

2.0 

5000 

272.9 

4.0 

2500 

272.7 

10.0 

1000 

272.6 

N  = 


a,,  + 


at 


1  -  (v/b|)-  I  -  (v/bi)' 
Co  -  (v/c,)- 


P  (To  +  15,0) 


(18.8) 

Po 


where  P  is  the  total  air  pressure  in  mb.  T  is  the  temperature 
in  K.  P„  =  1013.25  mb,  T„  =  273.15,  P*  is  the  partial 
pressure  of  wafer  vapor  in  mb,  and  v  -  KT'/X  is  the  fre¬ 
quency  in  cm  '  .•  the  wavelengti.  in  micrometers. 

a„  =  83.42 

a,  =  185.08 

a;  =4.11 

b,  =  1.140  X  la' 

b.  =  6.24  X  10^ 

Co  =  43.49 

c,  =  1.70  X  10^ 


particles  pf  any  size.  If  the  size  of  a  particle  is  very  small 
compared  u*  the  wavelength  of  the  incident  light,  certain 
simplif  mg  conditions  exist  that  also  simplify  the  theoretical 
descrip.ion  of  the  scattering  process.  This  type  of  scattering 
of  light,  which  causes  the  blue  sky  I’ght,  was  first  described 
by  Lord  Rayleigh  in  1871  [McCartriey.  1976]. 

The  total  volumetric  scattering  coefficient  k,  \  for  mol¬ 
ecules  is  defined  by 


with 


dl*  =  -L  •  k,(X)  •  dx  .  (18.9) 


MX) 


24  -it  ’ 
N'X^ 


(18.10) 


where  m  is  the  refractive  index  of  the  gas  (such  as  air),  N' 
the  concentration  of  molecules  per  unit  volume,  IX  the  in¬ 
tensity  at  wavelength  X.  and  dx  the  path  element.  This 
expression  is  often  simplified  by  taking  advantage  of  the 
refractive  index  of  air  being  nearly  I ,  and  writing  Equation 
(i8.l0)as 


The  formula  is  valid  from  0.23  p.m  to  the  infrared.  For 
millimeter  and  microwaves,  the  refractive  modulus  is  much 
more  complicated  and  includes  a  strong  dependence  on  water 
vapor  density.  For  reference.  Table  18-2  lists  the  index  of 
retraction  for  dry  air  at  I  atmosphere  and  288  K  for  various 
wavelengths. 


Sit' 

k..jX)  ^  (m-  -  1)%  (18.1ia) 

.*fN  A 

or 

3"’ it' 

MX)  -  — — 7(m  -  1)^  (18.11b) 

3N  X 


18.1.4  Molecular  Rayleigh  Scattering 

When  air  molecules  are  subjected  to  an  oscillating  elec¬ 
tric  field  such  as  in  a  light  w  ive.  the  molecule  tempoiarily 
absorbs  and  immediately  re-emits  this  radiation  as  a  point 
,st.urce  This  priKess  is  known  as  scattering.  If  wcurs  on 


For  standard  temperature  and  pressure,  using  Equation 
(18.1  la)  introduces  an  error  on  the  order  of  0.049)  in  the 
visible  and  using  Equation  ( I8, 1  Ib)  introduces  an  error  of 
about  ().025'">(.  Since  air  molecules  are  not  completely  iso¬ 
tropic.  a  small  correction  factor  for  anistoropy  {see.  tor 
example,  Chandrasekhar.  1950;  Kerker.  1969)  must  be  ap- 
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Table  18-3.  Depolarizaliun  factor  A  of  atmospheric  gases  for  incident  unpolarized  light  (Young.  I98()|. 


Ga.s 


Rowell  et  al.  (19711 

Alms  et  al.  11975) 

Baas  and  van  den  Hout  (1979) 

Young  119801 

0.0214  and  0.0242 

0.0210  ±  0.0004 

0.0200  ±  0.006 

0.0566  and  0.0587 

— 

0.0580  ±  0.002 

_ 

0.073  and  0.075 

0.0797  ±  0.0010 

0.077  ±  0.002 

— 

— 

— 

0.0279 

plied  to  the  molecular  scattering  in  Equations  (18.10)  or 
(18.1 1).  With  this  correction.  Equation  (18.10)  becomes 


MX)  = 


m=  -  n  6  -I-  3A 


nr  +  2)  6  -  7A  ’ 


(18.12) 


where  the  de|X)larization  A  is  tlie  ratio  of  the  two  polarized 
intensities  is/ii  at  a  W  scattering  ingle  (see  Section  18.2!  1 .5). 
Table  18-3  gives  depolarization  'alues  for  atmospheric  gases 
(Young,  19801.  It, is  often  convenient  to  use  the  scattering 
cross  section  per  molecule 


pressure).  Values  of  o,  lEquation  (18. 13))  and  (Equation 
(18.12)1  are  presented  in  Table  18-4  for  wavelengths  be¬ 
tween  0  and  4  0  (im .  Tlie  largest  uncertainty  in  the 
tabulated  values  is  due  to  the  uncertainty  in  the  values  of 
the  depolarization  factor  A  used.  Young  { 1980)  indicates  an 
error  of  a  “few  percent”  in  his  value  of  A  for  air  (Table  18- 
3).  This  corresponds  to  an  uncertainty  of  ±C.  I  to  0.'2%  in 
a,(X)  or  k,(\). 

The  angular  distribution  of  the  light  scattered  by  at¬ 
mospheric  molecules  is  given  by  the  Rayleigh  scattering 
phase  function: 


(X)  = 


24-n-’  I  m^  -  I 
N’2\-'  \  m-  +  2 


6  -I-  3A 
6  -  7A 


P(e)  = 


(18.13) 


I6rr  (2  +  A) 


(1  +  A)  -t-  (1  -  A)cos^0 


(18.t4a) 


which  has  the  advantage  over  the  scattering  coefficient  in 
that  it  is  independent  of  air  density  (or  temperature  and 


Neglecting  the  correction  for  depolarization,  this  simplifies 
to 


Table  18-4.  Rayleigh  scattering  cross  section  ctM  and  Rayleigh  scattering  coefficient  k,(h). 


Wavelength 

(um) 

<rs(X) 

(cm^/molec.^ 

k,(X) 

(for  1  =  273.15  K  and  p  =  1013.25mb) 

0.25 

1.243E-25 

3.339E-1 

0.30 

5.605E-26 

I.506E-1 

0.35 

2.913E-26 

7.829E-2 

0.40 

1.668E-26 

4.482E-2 

1  0.45 

1.025E-26 

2.754E-2 

0.50 

6.650E-27 

1.787E-2 

0.55 

4.;05E-27 

1.211E-2 

0.60 

3.16IE-27  : 

,  8.496E-3 

0.65 

2.284E-27 

6.139E-3 

0.70 

1.692E-27 

4.547E-3 

0.80 

9.864E-28 

2.65  lE-3 

0.90 

6.135E-28 

1.649E-3 

1.0 

4.0I4E-28 

1.079E-3 

1  -2 

1.929E-28 

5.184E-4 

1..4 

1.039E-28 

2.793E-4 

1.6 

6.083E-:9 

1.635E-4 

1.8 

3.794E-29 

1 .020E-4 

2.0 

2.488E-29 

6.695E-5 

2.5 

1.018E-29 

2.736E-5 

3  0 

4.906E-30 

1.3I8E-5 

4,0 

1 .552E-30 

4.I69E-6 
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which  is  often  used  for  the  Rayleigh  phas“  function.  The 
phase  function  gives  the  probability  distribution  for  the  scat¬ 
tered  light,  so  that  P(0)  dfl  is  the  fraction  of  the  scattered 
radiation  that  enters  a  solid  angle  dfl  about  the  scattering 
angle  6. 


18.2  AEROSOLS,  CLOUD,  AND 
PRECIPITATION  PARTICLES 

Propagation  of  electromagnetic  mdiation  through  the  at¬ 
mosphere  at  optical/infrared  frequencies  is  affected  by  ab¬ 
sorption  and  scattering  from  air  molecules  and  particulate 
matter  (haze,  dust,  fog,  and  cloud  droplets)  suspended  in 
the  air.  Scattering  and  absorption  by  haze  particles  or  aer¬ 
osols  becomes  the  dominant  factor  in  the  boundary  layer 
near  the  earth's  surface,  especially  in  the  visible,  and  under 
low  visibility  conditions  at  all  wavelengths.  Atmospheric 
aerosol  particles  in  the  atmosphere  vary  greatly  in  their 
concentration,  size,  and  composition,  and  consequently  in 
theii  effects  on  optical  and  infrared  radiation. 

18.2.1  Aerosols,  Geographic, 
and  Temporal  Variations 

18.2.1.1  Composition,  Sources  and  Sinks,  Refractive 
Index,  Particle  Shapes.  Figure  1 8-7  summarizes  the  gen¬ 
eral  characteristics  of  atmospheric  aerosols.  Aerosols  in  the 
boundary  layer  of  1-2  km  have  the  greatest  variability. 
These  aerosols  consist  of  a  variety  of  nat';ral  and  manmade 
chemical  compounds,  inorganic  as  well  as  organic.  Particles 
are  transported  into  the  afmospiiere  fmm  their  sources  at  or 
near  the  surface,  or  they  may  be  formed  in  the  atmosphere 
by  chemical  reactions  from  gaseous  components,  often  with 
the  influence  of  solar  radiation  through  photochemical  pro¬ 
cesses.  Since  more  than  two-thiros  of  the  earth's  surface  is 
covered  by  oceans,  the  maritinie  aerosol  component,  which 
consists  largely  of  sea  salt  particles  frori  the  sea  water, 
forms  the  most  uniquely  identifiable  aerosol.  Over  land  areas, 
soil  panicles  and  dust  are  an  important  component  Organic 
partisles  frcin  vcgct..:ioi.  sources  are  also  an  impsirtant  aer¬ 
osol  component.  Table  IS-.*’  gives  a  breakdown  of  the  global 
atmospheric  aerosol  composition  |SM1C.  1971 1. 

In  the  troposphere  above  the  boundary  layer  the  distri¬ 
bution  and  composition  of  aeros  I  particles  becomes  less 
dependent  on  the  geography  and  on  the  variahility  of  .sources 
near  'he  surface  Experimental  data  |Whitby  and  Cantrell. 
1976  and  Whitby.  197.^1  point  toward  an  aerosol  which  is 
composed  of  several'  modes,  each  having  a  different  origin 
and  history.  The  most  clearly  identifiable  two  components 
are  submicron  size  particles  formed  from  gaseous  compo¬ 
nents  and  are  still  going  through  processes  of  coagulation 


figure  18-7.  Characteiiatics  of  atmospheric  aerosols. 


and  agglomeration;  this  component  is  called  the  accumu¬ 
lation  mode.  The  second  mode  is  made  up  of  larger  particles 
approximately  1  pim  diame'er  and  larger  which  are  produced 
by  mechanical  processes  such  as  resuspension  from  soil  or 
sea  spray;  this  component  is  called  the  coarse  particle  mode. 


Table  !8-5.  Estimates  of  particles  smaller  than  20  ^.m  radius  emitted  into 
or  formed  in  the  a-mesphere  (10*  metric  tons/year)  (SMIC. 
1971). 


Natur'l 

Soil  and  rock  debris* 

100-500 

Forest  fires  and  slash-burning  debris* 

3-1.50 

Sea  salt 

300 

Volcanic  debris 

25-150 

Particles  formed  from  gaseous  emissions: 

Sulfate  from  H.S 

130-200 

Ammonium  salts  from  NH, 

80-270 

Nitrate  from  NO, 

60-430 

Hydrocarbons  from  plant  exudations 

75-200 

Subtotal 

773-2200 

Man-made 

Particles  (direct  emissions) 

10-90 

Particles  formed  from  gaseous  emissions: 

Su.fate  from  SO2 

130-200 

Nitrate  from  NO, 

30-35 

Hydrocarlwn.s 

15-90 

Subtotal 

185-415 

Total 

958-2615 

^Includes  unknown  am»7unts  of  Indirect  manmade  contributions. 
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!ti  the  >rtnit«Hphcric  fegi«)0  fnwn  lO-.M)  km.  measure¬ 
ments  base  shtsvtn  a  haekgnHind  acnys«>l  that  has  a  rather 
unihirm  ghihal  distnhutMJn.  This  acrnM>l  is  considered  to 
be  iTrtKtU  compi«seil  «*•'  sulfate  particles  fttrmed  hy  photo- 
chcmKal  reastH-ns  The  sir»ti>sphcric  aerostti  background 
can  tKcasumally  he  increased  by  faetttrs  of  100  w  m-jre  due 
h>  the  iniectHtn  of  dust  and  SO;  from  massive  volcanic 
eruptions.  Once  these  volcanic  particles  and  gases  have  been 
injected  into  the  stratosphere  they  are  spread  out  over  large 
poriHins  of  the  globe  by  the  stratospheric  circulation.  While 
the  dust  particles  may  settle  out  uriihin  a  few  months,  the 
SO;  is  converted  to  sulfuric  acid  through  photit-chemical 
rc.ictions  This  enhanced  layer  of  approximately  75**  sul¬ 
furic  acid  dnipiets  may  remain  for  one  to  two  years,  f'or  a 
Ckunpicte  review  of  the  stratospheric  aentsols  sec  Turco  ct 
al  |I>W2| 

Only  a  very  small  portion  of  the  total  aerosol  cimtent 
of  the  atitfcisphere  exists  above  km.  However,  when  the 
effects  tif  the  lower  atmosphere  are  small,  such  as  in  satellite 
observations  of  the  limb  of  the  earth's  atnvvsphere  or  de¬ 
termining  the  o/iHie  distnheiion  hy  inverting  measurements 
of  hackscattered  ultraviolet  from  the  atmosphere,  the  effects 
of  the  aerosols  in  the  upper  atmospite'.i.  can  be  significant. 

Newkirk  and  Fddy  |  IdM)  .ind  later  Rosen  1 1969|  con¬ 
cluded  that  the  major  component  of  the  normal  upper  at- 
imrspherK"  aerrrsols  is  nte*eonc  dust.  Meteoric  or  cometary 
dust  alvi  form  layers  iKcas'onally  observed  in  the  upper 
atmosphere  The  optical  effects  of  small  particles  are  de- 
ler.mned  largely  hy  their  refractive  index. 

\cros<»l  samples  fnmi  all  over  the  world  have  been  col¬ 
lected  and  analy  red  for  their  optical  and  infrared  refractive 
index  properties ,  Based  on  such  measurements,  the  aerosol 
m  rural,  non  urban  areas  can  K‘  assumed  to  be  composed 
of  a  mixture  of  water  s«vlublc  substances  tammonium  and 
cakium  sulfates  and  organic  compoundsi  and  dust-like  aei- 
»>s4-»|s  fVol/,  Id?^  a.  b|.  In  urban  areas  the  rural  aerosol 
gets  modified  by  the  addition  of  aenisols  from  combustion 
products  and  industrial  anirces  There  is  no  experimental 
evkleive  for  any  systemaiK"  change  in  aerosol  refractive 
index  as  a  function  of  altitude  thixHigh  ihe  troposphere.  The 
refractive  index  of  the  volcanic  componepts  in  the  strato- 
sphetTC  aen>so!s  was  measured  hy  Vol/  ( Id7.t|  on  volcanic 
dust  samples  The  refractive  index  for  meteoric  dust  was 
determined  hy  Shcttic  and  Vid/  |  l‘T’b|  based  on  the  eom- 
pivsition  i»f  meteonies  falling  i>n  the  earth. 

.MthtHigh  the  aerosol  panicle  si/c  (see  .Section  18.2. 1.2) 
K  the  iTKwt  imponant  parameter  dcicrmining  small  particle 
scattering  pnspertics.  the  effect  of  particle  shape  cannot  l>e 
Ignored:  it  heci>mcs  significant  cspivially  f<>r  particles  where 
si/c  IS  large  ciHTipared  to  the  waciengfh  of  the  incident, 
radiation  However,  because  of  poor  understanding  of  these 
•hape  effects,  csscmialtv  all  applic.i!u)ns-oricnted  aerosol 
m«slcK  a>su!Tie  sphcncal  partitie  shapes  t^or  more  infor¬ 
mation  on  n<Hi'pberical  panicle  scattering  properties  sec 
Schucriuan  IldXOj 


18.2.1.2  Size  Distributions.  Over  the  past  20  to  years, 
much  emphasis  has  been  pul  on  measurements  of  the  aerosol 
particle  .si/e  distribution,  realizing  that  natural  aerosols  were 
far  from  being  monodispersc.  Junge  |1%3|  suggested  that 
most  aerosol  size  distributions  over  the  radius  r»nge  from 
0. 1  to  10  fim.  and  even  larger  sizes,  could  be  described  by 
an  inverse  power  law  dN/d  log  r  =  cr'’’  with  c  being  a 
ciHistant  and  y  being  between  2  and  4.  This  means  that  the 
number  of  aerosol  particles  decreases  rapidly  with  increas¬ 
ing  particle  size.  It  has  already  been  mentioned  that  more 
detailed  measurements  point  towards  a  multimodal  distri¬ 
bution.  This  becomes  espcciaily  noticeable  if  the  distriou- 
lion  is  presented  as  particie  volume  distribution  dv/dr  rather 
than  dN/dr.  One  can  assume  that  these  size  distributions  are 
the  result  of  a  dynamic  equilibrium  between  the  various 
processes  which  act  on  the  aerosol  population.  However  the 
interaction  of  these  various  processes  is  complex  and  no 
general  theory  for  aerosol  formation  processes  exists  at  this 
time. 

18.2.1.3  Vertical  Profiijs.  The  change  in  aerosol  prop¬ 
erties  and  distribution  with  altitude  is  very  closely  tied  to 
the  vertical  structure  of  the  atmosphere,  and  in  the  tropo¬ 
sphere  especially  to  the  “weather"  processes.  In  general  the 
number  of  aerosol  panicles  decreases  much  mure  rapidly 
with  altitude  then  the  molecular  air  density;  however,  wide 
variations  in  the  vertical  profile  do  occur.  Within  the  bound¬ 
ary  layer  of  the  atmosphere,  aemsol  vertical  mixing  is  strongly 
influenced  by  the  temperature  profile. 

18.2.1.4  Models  of  Ihe  Aerosol  Properties.  There  are 
many  scientific  and  technical  reasons  why  it  is  necessary  to 
develop  models  for  atmospheric  aerosol  and  cloud  pdnicles. 
They  are  needed  to  make  estimates  of  the  transmittance, 
angular  light  scattering  distribution,  contrast  reduction,  sky 
radiance,  or  iithcr  atmospheric  optical  properties  or  effects 
(sec  Section  18.4). 

Mtxlels  for  the  optical  properties  of  aerosols  have  been 
developed  at  AFGL  and  elsewhere.  lElteimaii.  1964.  1968. 
1970;  Ivlev.  1967;  Dcirmendjian,  1964.  1969-  McClatchey 
ct  al..  1970  and  1972;  Shettle  and  Fenn,  1976;  Toon  and 
Pollack.  1976;  Hanel  and  Bullrich.  1978;  and  Nilsson.  I979|. 
Tliis  chapter  describes  aenisol  mtxlels  and  their  optical  prop¬ 
erties  fur  the  lower  and  upper  atmosphere  |  Shettle  and  Fenn 
1976.  1 979 [.The  models  presented  below  are  based  on  a 
review  of  the  available  experimental  data  on  the  nature  of 
aeruMvIs.  their  sizes,  distribution,  and  variability.  However, 
it  must  be  emphasized  that  these  m».dels  represent  only  a 
simple,  generalized  version  of  typical  conditions.  It  is  not 
pr.K-ticai  to  include  all  the  details  of  natural  particle  distri¬ 
butions  nor  arc  existing  experimental  data  sufficient  to  de¬ 
scribe  the  frequeney  of  tK’currenec  of  the  different  condi¬ 
tions.  While  these  particulate  models  were  developed  to  be 
as  representative  as  possible  of  different  atmospheric  con- 
di'ions.  the  folU.wing  point  should  he  kept  in  mind  when 
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Table  18-6.  CharacteriMics  of  (he  aeruMil  models  as  a  function  of  relative  humidity 


Aerosol  Model 

Size  Distribution 

Type 

N. 

r. 

•T, 

Rural 

0.999875 

0.03 

0.35 

Mixture  of  Water  Soluble 

0.000125 

0.5 

0.4 

and  Dust-Like  Aerosols 

Urban 

0.9^875 

0.03 

0.35 

Rural  Aerosol  Mixtures 

Maritime 

0.000125 

0.5 

0.4 

with  Soot-Like  Aerosols 

Continental 

Origin 

0.99 

0.03 

0.35 

Rural  Aerosol  Mixture 

Oceanic 

0.01 

0.3 

0.4 

Sea  Salt  Solution  in  Water 

Origin 

Tropospheric 

10 

0.03 

0.35 

Rural  Aerosol  Mixture 

radius  and  the  number  density  of  r,.  This  form  of  distribution 
function  represents  the  multimodal  nature  of  the  atmospheric 
aerosols.  Following  the  usual  convention,  log  is  the  loga¬ 
rithm  to  the  base  10  and  In  is  the  logarithm  to  the  base  e. 

Four  different  aerosol  models  for  the  atmospheric 
boundary  layer  have  been  developed.  They  differ  in  particle 
size  distribution  and  particle  refractive  index.  Table  18-6 
lists  the  parameters  defining  the  size  distributions  in  ac¬ 
cordance  with  Equation  (18.  IS)  for  these  models.  These 
mode  radii  corrp>pond  to  moderate  humidities  (70%  to  80%); 
values  of  r,  as  a  function  of  humidity  are  given  in  Table 
18-7. 

The  choices  of  N  in  Table  18-6  are  normalized  to  cor¬ 
respond  to  I  particle/cm'.  The  actual  size  distributions  can 
be  renormalized  to  give  the  correct  extinction  coeff.cients 
for  the  altitude  and  the  visibility  being  used  The  continental 
and  oceanic  components  of  the  maritime  model  can  be  used 
in  various  proportions  depending  on  the  prevailing  winds — 
particularly  in  coastal  regions. 

As  the  relative  humidity  increases,  water  vapor  con- 


Tabk  18-7.  Mfxie  radii  for  Ihc  jeroM»!  nxxk*K  as  a  function  of  relative  humidity 


r  elative 

liumiditv 

_ : _ 

Tropospheric 

r, 

Rural 

Maritime 

Urban 

fi 

ri 

1 

r, 

0.02700 

0.02700 

0.4.300 

0.1600 

0.02.5fX) 

0,4fXX) 

0.02748 

0.02748 

0.4377 

0.I7II 

0.02563 

0.4113 

0.02846 

0  02846 

0  4.571 

0.2041 

0.02911 

0.4777 

0.03274 

0.03274 

0.5477 

0.3180 

0.03514 

90% 

0.03884 

0-03884 

0  (S462 

0.3803 

0.04187 

0  7061 

95% 

0,04238 

004238 

.).7078 

0.4606 

0.049(W 

0  8634 

98% 

(),('4751 

0.04751 

0  9728 

0.6024 

0.()59‘)6 

I.lv59l 

99% 

_ 

0.05215 

0.05215 

1,1755. 

0.7.505 

0.06847 

1.4858 

using  any  such  model:  gtven  the  natural  variability  of  the 
atmosphere,  almost  any  particle  model  is  supported  by  some 
measurements  and  no  model  (or  set  of  models)  will  be 
consistent  with  all  measurements. 

The  size  distributions  for  the  different  aerosol  models 
are  represented  by  one  o'  the  sum  of  two  log-normal  dis¬ 
tributions; 


N, 


] 


(18.15) 


where  N(r)  is  the  cumulative  number  density  of  particles  of 
radius  r.  tr  is  the  standard  deviation,  and  r,.  N,  are  the  mode 
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dcnscs  oul  of  the  alimisphcrc  on  the  particulatCN  suspended 
in  the  atmosphere.  This  condensed  water  increases  the  sia 
of  the  aenrsols  and  changes  their  c«>mpositi»>n  and  effective 
refractive  index .  The  resulting  effect  of  the  aervrsol  on  the 
absorption  and  scattering  of  light  will  correspondingly  be 
moditied  Then  have  been  a  number  of  studies  tin  the  change 
of  aenisol  properties  as  a  functitm  of  relative  humidity.  The 
mtist  comprehensive  of  these,  csnecially  in  terms  of  the 
resulting  effects  on  the  aerostil  optical  pniperties.  is  the  wtirk 
of  Hanel  I  l‘J761 

The  "Rural  Model"  is  intended  to  represent  the  aerosol 
under  conditions  where  it  is  not  directly  influenced  by  urban 
and/or  industrial  aerosol  sc,urees.  The  rural  aerosols  are 
assumed  to  he  composed  of  a  mixture  of  7(K;f  water  soluble 
substances  (ammonium  and  calcium  sulfate  and  also  organic 
compounds)  and  .W}  dust-lixe  aerosols.  The  refractive  in¬ 
dex  for  these  compsinents  based  on  the  measurements  of 
Volz  1 1972a. h;  197.^1  is  shown  in  Figure  18-8.  The  refrac¬ 
tive  index  is  m  general  a  complex  quantit,.  with  a  real  and 
imaginai7  part.  These  refractive  index  data  weighted  by  the 
mixing  ratio  of  the  two  components  are  consistent  with  other 
direct  measurements  and  with  values  inferred  from  in  situ 
mca,suremcnts.  For  the  refractive  index  of  water,  the  survey 
of  Kale  and  Ouerry  1 197.t|  was  used.  While  there  arc  some 
minor  differences  between  the  optical  constants  in  Kale  and 
Querry's  survey  and  the  more  recent  measurements,  these 
differences  are  comparable  to  the  experimental  errors  and 
are  small  compared  with  the  other  uncertainties  in  the  model 
parameters.  These  refractive  index;  data  are  shown  in  Figure 
18-9.  The  resulting  numhe.'  density  distributions  ntr).  are 
shown  in  Figure  18-10.  To  allow  for  the  dependence  of  the 
humidity  effects  on  the  size  of  the  dry  acnistil.  the  growth 
rf  the  aerossil  w  as  computed  separately  for  the  accumulation 
and  coarse  particle  components  In  accounting  f^ir  the  aer¬ 
osol  gniwth.  changes  in  the  width  of  the  size  distributism 
were  assurtKd  negligible  so  only  the  mode  radius  r,  was 


Ftcurr  IH-S  Rcfrjctive  index  t«>t  ihe  dr>  rur,!l  jnd  urban  aennad  ct»m 
jsineniv 


Fipne  tl)-9.  Refractive  index  nf  oceanic  aeixMot  water,  and  sea  salt. 

tiHidilicd  by  humidity  changes  (Figure  18-10).  The  effective 
refractive  indices  for  the  two  size  components  were  then 
computed. 

In  urban  areas  the  air  with  a  rural  aerosol  background 
is  piimarily  moditied  by  the  addititm  of  aerostils  from  com¬ 
bustion  products  and  industrial  sources.  The  urban  aerosol 
model  therefore  was  taken  to  be  a  mixture  of  the  rural  aerosol 
with  carbonaceous  aenistils.  The  proportions  of  the  stioi- 
like  carbonaceous  aerostils  and  the  rural  tvfie  of  acrostil 
mixture  are  a.ssumcd  to  be  2(Ki  and  80*? .  respectively  The 
soot- like  aerosols  are  assumed  to  have  the  same  size  dis- 
tributiim  as  both  components  of  the  rural  model.  The  re¬ 
ft  .vtive  index  of  the  soot-like  aerosols  are  based  on  the  soot 
data  in  Tw  itty  and  Weinman’s  1 1971 1  survey  of  the  refrac¬ 
tive  index  of  carbot'aceous  materials.  As  with  the  rural 
model,  a  composite  urban  aenisol  refractive  index  was  de¬ 
termined  at  each  wavel.'/ngth. 

The  aenistil  compositions  and  distributions  of  oceanic 
origin  are  significantly  different  from  continental  aerosol 
types.  These  acnisols  are  largely  sea-salt  particles  pmduced 
by  the  evaporation  of  sea-spray  droplets  that  have  grown 
again  due  to  aggregation  of  water  under  high  relative  hu¬ 
midity  conditions.  However,  even  over  the  cx'can  tfiere  is 
a  nuire  or  less  pronounced  continental  aerosol  background 
that,  mix^  with  the  acros»il  of  .xcanic  origin,  forms  a  fairly 
uniform  maritime  acrosril.  It  is  representative  for  the  bxiund- 
ary  layer  in  the  lower  2-.^  km  in  the  atmosphere  over  the 
oceans,  but  aiso  may  xKCur  over  the  continents  in  a  maritime 
air  mass.  This  maritirrH:  model  should  be  distinguished  from 
the  fresh  sea-spray  aerosol  that  exists  in  the  lower  10  20 
m  above  the  rxean  surface  i*~d  is  strongly  dependent  on 
wind  speed. 

The  maritime  aerosol  nuHlel.  (herefore.  is  composed  of 
two  components;  ( I )  the  sea-salt  component  and  (2)  a  con¬ 
tinental  component  assumed  to  he  itieniical  to  the  rural  aer¬ 
osol  with  the  exception  that  the  sery  large  particles  are 
eliminated  since  they  will  eventually  he  lost  doe  to  fallout 
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FUOPL  P?.P3SCL  J'CDFlS 


RADIUS  (^m) 

Figure  Id- 10  AeniMil  iHimtwr  dt^mhuCHUi  (cm  '  iun  'I  for  the  furil  mulrt 
al  different  relative  humidiliev  with  hual  particle  ciuicen- 
intHiRs  tiaeif  at  1 5  (dd)  cm  ' 


as  Ihc  air  masses  mine  across  the  iKCans,  For  (he  size 
distribution  of  the  oceanic  component,  a  log  normal  distri¬ 
bution  is  used  with  r,  =  0.3  fim  for  modenie  relative  hu- 
midiiv  (  )  and.tr  =  0.4.  The  relative  prtiportions  of 

aenisol  of  ix'eanic  or  continental  Ungins  will  vars  particu- 
lariv  in  coastal  regions.  To  account  for  these  variations,  the 
(TKxJel  pemiits  the  user  to  adjust  the  relative  amtnjnts  of  the 
(ve  inic  and  continenlal  types  of  aerosol.  The  number  den¬ 
sity  distribution  is  show  n  in  Figure  I  1 1 .  The  refractive 
index  is  based  on  that  for  a  solution  ot  sea  salt  in  water, 
using  a  weighted  average  of  the  refractive  indices  of  water 
and  sea  salt  The  refractive  index  of  the  sea  salt  is  primarilv 
taken  fro.n  the  measurements  of  Vol/  ( 1072  a,  b|  A  mixiel 
for  maritime  aer.wols  that  accounts  for  production  of  (xeanic 
aerosiil  at  (he  sea  si;rface  by  white  caps  and  sprav  as  a 
function  ot  wind  speed  and  the  changes  in  drop  si/e  due  to 
varying  a-lalixe  humidity  was  developed  a’cenlly  by  Oath- 
man  1 10X31.  iih  some  miHliticaiions  this  mixlel  has  been 
incorporated  into  I.OWTRAN  b  isee  Section  IX  4  2» 

The  tropispheric  aerosol  model  represents  the  aerosols 
within  the  tropisphcre  a.boxe  the  boundary  layer  These 
aerosols  arc  assumed  to  have  the  sa-ne  compisition  as  the 


ruril  model  (70^  water  soluble  and  .30^  dust-like).  The 
size  distribution  is  modified  fiom  the  rural  model  by  elim- 
.  inating  the  large  (or  coarse)  particle  Ir,  =  O.S  p.m)  com¬ 
ponent  of  (he  si/e  distribution  because  of  the  longer  resi¬ 
dence  of  aerosols  aNive  the  boundary  and  the  expected 
differential  hiss  of  the  larger  particles.  This  leaves  the  log¬ 
normal  distribution  with  the  small  (or  accumulation  particle 
eomponeni).  This  is  consistent  with  the  changes  in  aerovil 
size  distribution  with  altitux*'.*  suggested  by  Whitby  and  Can¬ 
trell  IWTbl.  The  dependence  of  particle  size  on  relative 
humidity  is  the  same  its  for  the  small  particle  component  of 
’  the  rural  mtxlel.  and  is  shown  in  Figure  IK- 12. 

Based  on  ohservations  of  stratospheric  aen>s«s|  behavior 
four  different  vertical  disirihulion  models  for  Ihc  strato¬ 
sphere  were  develiKxHl:  a  background  nxxJcl  and  three  dif¬ 
ferent  volcanic  aerosol  pnrliles  (nuxieratc.  high,  and  ex¬ 
treme).  These  mosicis  mpresent  either  different  amounts  of 
volcanic  materi  il  injected  into  the  strittosphere  or  the  de- 
crea.se  over  tiine  fnim  the  extreme  conditions  following  a 
,  major  event  such  as  the  Krakatoa  exphrshm.  The  experi¬ 
mental  data  also  conhrm  a  seasonal  trend  in  the  stratospheric 
acrtisol  distiihutions.  Figure  I K- 1 .3  shows  these  stntV'sphcric 
models  and  also  for  comparison  the  I9b8  FIterman  model 


flfiRITIPE  REROSOL  MODELS 


RADIUS ,{ ;i(Ti) 


l-igun,’  IJ<  If  number  u>Mnbulu>n  uni  '  jim  ‘r  b'f  the  mjn»*nK 

ai  Jillcrertl  rcijiiM*  humiditF>  with  itMal  pirtjvk* 
'  vi»fKemratH»ns  fixed  at  4twii»  ‘ 
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RADIUS  (fim) 


Fifunr  IS-li  AcniMil  numher  dnmhutHm  (cm  '  tun  'l  fnr  (he  mifrjt- 
phmc  imidcl  M  JifTcrmt  relative  humKhim  «i(h  total  par¬ 
ticle  i^oocemratKim  fiaed  at  10  000  cm 


bwed  on  data  collected  during  the  peri'id  several  years  after 
the  Agung  eruption  in  1963  and  therefore  representative  for 
the  moderate  volcanic  conditions. 

The  stratospheric  hackgmund  aerosols  were  assumed  to 
be  a  TS'T  solutior.  of  sulfunc  acid  in  water  following  the 
wort  of  Rosen  1I97I|  and  Twn  and  Pollack  |I973|.  The 
complex  refractive  index  as  a  furK'tion  of  wasclcngih  is 
based  on  ;hc  measurements  of  Remsherg  |I97I  and  |973| 
and  Palmer  and  Williams  |I975|.  The  refractive  in  lex  for 
the  voicanic  models  is  based  on  the  measurements  of  Voir 
1 19731  on  volcanic  dust. 

Th-'re  are  two  volcanic  aerosol  sire  mtxlels;  a  "Fresh 
Volcanic  Model”  representing  the  sire  distribution  of  aer¬ 
osols  shortly  after'  a  volcanic  eruption:  and  a  "Volcanic 
Model”  representing  the  aerosol  about  a  year  after  an  erup¬ 
tion.  Both  sire  distributions  were  chosen  mainly  on  the  basis 
of  Mossor  s  !I964|  measurements  following  the  eruption 
of  Mt.  Agung.  The  si/e  distribution  was  also  made  con¬ 
sistent  wi'h  the  observed  wavelength  dependence  of  ex¬ 
tinction  due  to  volcanic  aerosols,  and  in  the  case  of  the 
“Fresh  Volcanic  .Model"  consistent  with  the  ol*serv ation  of 


optical  phenomena  such  as  Bishc-p's  rings,  and  a  blue  or 
green  sun  sometimes  observed  following  majtrr  volcanic 
eruptions.  These  sire  distributions  are  represented  by  a  mod¬ 
ified  gamma  distribution; 


VERTICAL  AEROSOL  DtSTRIBUTIOhS 


Figure  llt-l.'  The  vcrlKal  disinhuliiei  t>*  the  jen>s»t  evlinclHm  (al  O  .S5 
m)cn<«si  fiu  ihe  dilfcrenl  nuskls  Alw'  sh«n»n  !•»  ism*- 
pwiMMi  are  Ihe  Rav  leigh  pnmte  idietnl  line*  and  pliefman's 
|l*IMl|  msJcl  R^wcen  '  and  .U)  Am.  where  a  disimetHui 
un  a  reasimal  basis  is  made.  Ihe  spnng  summer  ouklilMuis 
are  indicaicd  with  a  solid  line  and  fall  wimer  conditions 
are  iiuhcaicil  b\  a  dashed  line 


—  =  ntrV  =  Ar"exp(-br’l  (18.16) 
dr 

whose  parameters  arc  given  in  Table  18-H.  Either  c.f  the  two 
volcanic  st/c  distribution  nuxlels  arc  appropriate  to  use  w  ith 
the  "imxlcrjle”  or  "high"  volcanic  vertical  pnifiles.  de¬ 
pending  on  whether  these  profiles  represent  a  majv’f  eruption 
after  a  couple  i>f  years  w  a  recent  wc_Ler  eruption  It  stunild 
be  noted  that  *hc  profiles  may  have  a  much  more  layered 
structure  than  is  shown  in  the  nuxlcl  distributions,  partic¬ 
ularly  shortl;  after  a  volcanic  injection  of  dust  into  the 
atmosphere 

The  major  compmcni  of  the  normal  upper  atmospheric 


Table  IH-R  MtOtrix'd  cimmj  JivtnbufHm  paraniclcrA 
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OPTICAL  AND  INFRARED  PROPERTIES  OF  THE  ATMOSPHERE 


aeitKoi  is  considcatl  to  he  nKtc»<ric  dusl.  Metctirie  «>r  com- 
elar\  dusl  alxi  forms  sork  of  the  layers  ix'casHinalK  ob¬ 
served  in  the  apper  atmosphea'  The  refractive  index  of 
meteoric  dust  is  based  on  the  vtori  of  Shettle  and  Vol/ 
II97b|  >vIh>  determined  the  complex  refractive  index  for  a 
mixture  of  chondrile  dust  which  represents  the  major  ivjk' 
of  mcteonic  falling  on  the  earth.  The  si/e  distribution  has 
been  represented  by  a  log-normal  distribution  (etjualkm  IK.  15 
with  1=1)  whose  parameters  are  given  as 

N,  =  I  cm  r  =  0  05  jtm.  tr,  =  0  5  . 

Figure  IK-I  .^  shows  m  addition  to  the  normal  upper  atmos¬ 
pheric  model  an  extreme  m»>dcl  similar  t.i  Ivlev’s  |l9bdi 
mtxlel  for  the  upper  atmosphere.  .Attenuation  coefficients 
this  large  iKCur  in  layers  with  thiiknesses  m*  greater  than 
a  few  kikmieters.  At  different  linx*s  tiKse  layers  can  he 
either  micnimeteoric  dust  or  n<K;tiluceni  clouds.  The  wave¬ 
length  dependent  refractive  indices  for  the  different  aemsol 
types  are  listed  in  Table  IK-*). 

IS.2.1.5  Aerosol  Fxiinction.  ScalterinK,  Polarization. 

OfKc  the  s;/e  distnbution  and  refractive  index  of  the  aerostd 
models  are  specitied.  the  optical  propenies  can  he  deter¬ 
mined.  The  effects  of  smaM  particles  on  the  propagation  of 
radiation  arc  defined  by  the  c.xTficients  for  extinction,  scat¬ 
tering  and  abstKption.  the  angular  scattering  function,  and 
the  polan/ation  of  scaitered  radiatum. 

The  Mie  I  l')(>K!  theory  treats  the  scattering  of  light  by 
homiigencous  panicles  o*' arbitrary  si/e  and  refractive  index 
Ifor  Rayleigh  scattenng  see  SectHin  IK.  I  4i.  For  detailed 
di'cussHMis  on  particle  scattering  see  textbooks  by  van  de 
Hulst  |1‘)57|.  Kerkcr  llUb*)).  and  Mct'artncy  liyThl  The 
spatial  distribution  of  scattered  light  for  incident  unpolan/ed 
light  of  intensity  1... ,  is 

I.  =  L,..  ; — — ;r;  (i,  (a.  m.  fli  +  i.  (a.  m.  «»). 

2  •  k-  •  R- 

(IK  l?i 

where  k  -  2  w'X. 

R  =  Distarxc  from  the  scattering  particle  center, 

n  -  2  irr'X.  the  si/e  parameter,  r  is  particle  radius. 

m  =  complex  refractive  index  of  the  particle 
relative  to  its  siiroHinding  medium. 

B  -  angle  heiwee-  the  inc  ident  and  the  scattered 

beams  iH  -  tl  is  defined  as  forward  scattering 

I.  -  perpendicular  polarized  compi»fK*nl 

!_•  -  parallel  polarized  component. 

1be  diiiK-nsionless  inicnsiiy  funclions  de-inc  degree  of  linea' 
pidanzalion  P 


P  =  - - .  (IK.IKI 

ii  +  i: 

Integration  of  the  scattered  light  over  all  directions  l4ir 
stcradiansi  gives 

I.  d  n  =  I,,.  •  C.  .  (IK  I9» 

The  rati**  of  C.  (scattering  crx>ss  section)  to  the  geometrical 
cixxss  section  of  the  scattering  particle,  r^’w.  is  called  scat¬ 
tering  efficiency  factor  Q..  If  light  is  traveling  through  a 
sca'tcnng  nx’dium  containing  N  particles  per  unit  volume, 
the  loss  of  light  due  to  scattering  per  unit  path  length  dx  is 

dL  =  -U-C.  N  dx  (IK.20) 

Integration  of  Fajuation  ( I K  20)  gives  the  Bouguer  extinction 
law: 

l..r.»«««Ka  =  l.cMpl-Ml  IIK.21) 

withk.  =  N  ■  C,  called  the  scattering  coefficient  .  Similarly 
to  k.  orx:  can  define  an  absorption  coefficient  k.  for  ab- 
sorpiHin  by  absorbing  aerosol  particles. 

k..  =  k,  -I-  k.  is  called  the  extinction  civOkieni. 

For  Mie  ^altering  calculations,  the  aeros«>l  particles  are 
assunx'd  to  be  spheiTcal.  which  in  general  is  not  true.  While 
iKjuid  aenisols  are  approximately  spherical,  dry  particles 
usually  are  irregularly  shajvd  However,  it  can  he  arguct) 
that  many  of  the  ircasurements  of  aenisol  si/e  distributions 
directly  measure  scaitca*d  light  fnim  the  aerosol  particles, 
and  the  size  "assigned"  to  the  partrele  is  the  si/e  of  a  sphere 
that  has  similar  scattering  properties  to  the  measured  par¬ 
ticle.  Furthemxrre.  the  irregularly  shapc'd  particles  are  clos¬ 
est  to  "exjuivalent"  spheres  in  their  scattering  pnrperties  in 
the  forward  uiiwtion  generally  used  for  si/e  measurements 
nKrefirre.  the  resulting  si/e  distribution  is  the  si/e  distri¬ 
bution  of  spheres  that  have  similar  optical  profxrr.  s'- 1«>  th**sc 
of  the  actual  acrosstl  partic  les.  .Also,  studies  by  CTiylek  et  al 
I  Idfbl  and  Holland  and  (iagns-  1 1*)?!)!  indicate  that  for  par¬ 
ticles  of  equal  overall  dinKHsum  but  diiferent  shapes,  the 
spherical  panicle  extinciion  has  the  highest  values 

The  conipuled  attenuation  coetficienis  (extinction,  scat 
tering,  and  abMuptionl  for  the  nxxlel  aenwails  above  are 
slkvwn  in  Tables  ,IK-I()  a  thru  c  and  Figures  IK- 14  thru 
IH-22. 

fhe  attenualion  ci'cnicients  li>r  the  rural  aerosol  itxidei 
at  .Ml*,  relalive  humidily  as  a  func(ii»n  of  wavelength  are 
shown  m  l  igare  IK  14,  To  sfiow  the  cllcvt  ot  variations  of 
relalive  humid  I \  or,  ibe'  avrrosol  exliiKtion.  ?he  rural  nwxlel 
exlincdon  h.i'  en  c.ikul.iled  osi'r  a  ranee  ol  humiduies 
for  a  consian!  i>  :  •.!  uuiiiber  den'ity  fhe  rcsiillmg  exliik  lion 
versus  'Aaveter.ei.i  is  shown  m  Figure  IK  Is  f,,f  several 
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IMc  IN'**!  KcIrAtitr  iivIkcs  u»  ihltcKiM  amMil  Itprv 


«ra%clcnfih  Sea  Sail  Oceanic  Watte  ke  Mettonc 

liunl  leal  ima|;  leal  imaf  real  imag  real  unag.  real  imag 
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2  M)l  4)2 

1  3  3*  -  3  .3*E-02 

1  27*  3  *764(2 

1  201  3  0164)2 

1  3*3  -0  162 
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1  Ml) 
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1  272  3  70602 

1  2*2  -  4  0064)2 

1  339  -  0  182 
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1  *30 
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1  ;i02  -  0  228 

o,2i») 

1  *10 

2  MU  4)2 

1  33*  -  3  7IE02 

1  233  -  4  1.3602 
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1  281  -  0  273 

0  4«n 

1  3*0 
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1  .3  30  -  3  **E4(2 

1  243  4  4464)2 

1  245  -  4  .3064)2 

1  272  -  0  .360 
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1  3641 

1  MU  4)2 

1  324  -  3  **1  02 

1  220  -  4  706:  02 
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1  310  -  0  430 

in  11*1 

1  344) 

1  30102 

1  310  -4  0*E4(2 

1  21*  -  3  0*64)2 

!  107  -3  1064)2 

1  .335  -  0  488 

10  30) 

1  341) 

1  40102 

1  271  -  3  22E  02 

1  170  6  746  02 

100*  -0  131 

1  410  -0347 

11  (III 

1  4*11 

1  40I-.02 

1  24*  7  31602 

1  153  -0  6*6  02 

1  ()«3  0  2.30 

1  300  0  601 

11  3111 

1  4*11 

1  40|  02 

1  227  0  103 

1  12*  -0  142 

1  17*  0  .3M) 

1  847  -  0  6M 

i:  V*»  !  43>  IMII-.IO  I  jut  0  l<n»  l  i;3  -0:5V  I  3H7-04::  |7«*6  0252 

null  Mill  1  ailKi:  1:21  -0223  I  14*  -0  303  I  472  0  31N  1711-021*1 

14  nil  I  410  2  n*  02  1  2*7  0  271  I  210  O  370  1  yd  -0  2113  1  Ml  -0  217 

14  WII  1  4!i:  •  IS*  (12  I  V|7  (1  2**2  123*  O  3»l*  I  370  -  O  l*i|  1341  -  0  l«W 

13,11.  1  430  »  V*  112  1  321  0  2*»7  1  270  0  402  1  372  0  177  1  310  -  0  20* 

I*  4ili  I  3ttl  0(1*  («2  1407  0  331  I  34*  0  427  1  331  -0  123  1  47*  0  4*7 

n  211)  I  -40  O  120  1  4*7  -0  341  I  4**  0  420  I  3U  0  107  I  441  -  0  4«l 

I*  nil  17ml  11(10  I  323  O  441  1  423  0  42*  1  322  -  »  30^  4)2  1  334  0  337 

la  3<«,  I  7-1(1  0  (  43  1  34*  0  440  1  44*  0  421  l3IO-7«*;()2  1  3*0  0  703 

20(11)  I  ■’no  (I  (32  1  3*0  0  324  1  4*0  O  404  I  304  -  *  71* 4)2  1*03  -0  763 

21  4,11  I'm.  (I  I6<  1  3**  0  4|i:  1401  0  470  1  4*1  -  3  *3fc4)2  1  707  -0  53* 

22  3|»|  ('Ml  O  |WI  1  370  (I  4(6  I  V*,  0  470  1  433  -  201f.4)2  1  *M  0  302 

,  I’M)  0  203  1  30*  0  314  I  3I|  -0  43*  1  414  2  OOK)2  10*4  0*61 

1^70  0  274  I  *12  (I  420  1  440  -  0  440  1  44*  4  01*4)2  2  023  -  0  6** 

4(1H»,  1  "O  0  vii  1  614  -  0  420  I  44|  0  42*  1  323  - 6  31*.  02  2  Uo  0663 

44  , ill  1  7m,  (I  441.  1  407  0  »,S4  (417  0  44*  I  22*,  0  133  2  14*  0  4*0 

40  (til  I  -4(1  rill,  13*2  0  3*1  1  310  0  4*4  I  202  0  344  1  O'”!  0  330 
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OPTICAL  AND  INFRARED  PROPERTIES  OF  THE  ATMOSPHERE 


TaMt  IK-^  Refractive  tmlicev  dillcfeni  acr<H««l  t\pc^ 


'•Wavelength 

(tvs’' 

Water 

Soluble 
icil  imag 

Duvl-Uke 
teal  imag 

Sciof 

real  imaf 

75'*  H-SO. 
real  inug 

VolcanK' 
real  imag 

o:no 

1  5.30 

-  7  (1)3-02 

1  5.30 

-  7  OOI-;4)2 

1  .500 

-0  .‘.50 

1  418 

- 1  n)64)8 

1  500 

-  7  (1)6. 4)2 

0») 

1  5.30 

!  5  .30 

-  .3  (l)f.  02 

1  620 

-  0  4,y) 

1  484 

-  1  11)64)8 

1  500 

-  .3  (l)6.4)2 

0  JOO 

1  530 

-  8  UOE-03 

1  ?.<) 

«  OOF -0.3 

1  740 

-0  43) 

1  46“ 

- 1  ni64)8 

1  .VI) 

-  1  n)6-()2 

0  JJ7 

1  5.30 

-  5  00F.-O.3 

1  5.30 

-  8  OOt-0.3 

1  750 

-0  470 

1  451 

-  1  0064)8 

i.yi) 

8  (1)6  4)3 

0400 

1  530 

-  5  OOfc-0  .3 

1  5.30 

■■  8  OOfc  O.3 

1  750 

-0460 

1  440 

-  1  0064)8 

1  yi) 

-8(1)64)3 

0  4M 

1  5.30 

-5  00E-03 

1  5.30 

-  8  00f.4).3 

1  750 

-0  450 

1  4.32 

-  1  (1)6  4W 

1  .yo 

8  (1)64)3 

0515 

1  530 

-5  00E-03 

1  530 

-  8  006  0.3 

1  750 

-0  4y) 

1  43! 

-  1  (1)64)8 

i.yio 

8  W)64i3 

0  550 

1.5.30 

-6  00F4).3 

1  530 

-8.00E-0.3 

1  750 

0440 

1  4,V) 

-  1  0064)8 

i..y*) 

X  (1)64)3 

06)3 

1  530 

-6  00E-0.3 

1  5.30 

-8  00E.03 

1  750 

-0  4.30 

1  421 

-  1  4764l( 

1  yi) 

8(4)6;4)3 

0.6«4 

1  5.30 

-7  00E-03 

1  5.30 

-8  0064)3 

1  7.50 

-0  4.30 

1  428 

-  1  116-;)8 

i.yi) 

-8n)6  4)3 

0«60 

1  .520 

-  1  20E.02 

1  520 

-  8  OOE4)3 

1  750 

-0  4.30 

1  425 

-  1  7764)7 

1  .yi) 

-  8  0064)3 

1.060 

1  520 

-1  70E-02 

1  520 

-8  0064)3 

1  7.50 

-0  440 

1  470 

-  1  506-06 

1  yi) 

-8  1064)3 

1  300 

1  510 

-2.00C-02 

1  460 

-8  00E4)3 

1  760 

-0  450 

I  410 

1  n)64)5 

1  y)o 

-  X  (1)64)3 

1.536 

1  510 

-  2  .30E-02 

1.400 

-8.00E4)3 

1  770 

-0460 

1  (0.3 

-  1  .37E4M 

1  410 

-  8  006  03 

1  aoo 

1  460 

-  1  70fe-02 

1  330 

-8  00£4)3 

1  710 

-0480 

1  310 

-5  5064)4 

1  480 

-  8  (l)6;-))3 

2  000 

1  420 

-  8  OOE-0.3 

!  260 

-8  00e4)3 

1  800 

-0  41!) 

1  384 

-1  266-0.3 

1.460 

-  8  (1)64)3 

2  250 

1  420 

-  1  OOE-02 

1  220 

-9  0064)3 

1  810 

-0  5«) 

1  .370 

-  1  8064)3  , 

1  460 

-841)64)3 

2  500 

1  420 

-  1  20E-02 

1.180 

-9  0064)3 

1  820 

-0  510 

1  344 

-  .3  7664)3 

1  460 

-1(1)6-03 

2  700 

1  400 

-5  50e-02 

1  180 

-1  3064)2 

1  8.30 

-0  520 

1  .30.3 

-  5  7064)3 

1.460 

-  1  (1)6 02 

3.000 

I  420 

-2  2oe-02 

1  160 

-  1  2064)2 

1  840 

-0.540 

1  29.3 

-9  5.364)2 

1.480 

-  1  V)64)2 

3  200 

1  4.30 

-SOOfc-O) 

1  220 

-1  006-02 

1  860 

-0  540 

1  .3il 

-0  1.35' 

1  480 

-  1  406.4)2 

3.W2 

1  4.10 

-  7  W)fc-o.t 

1  26)) 

-1  .3064)2 

I.87C 

-0,5y) 

1  .3.52 

-0  1.51 

1  410 

-  1.3)602 

3  500 

1  4.50 

-  5  OOE-C.3 

1  280 

-  1  1064)2 

1  8X0 

-0  560 

1  .376 

-0  158 

1  410 

-  1  1064)2 

3  750 

1  452 

-  4  OOI-;4).3 

t  270 

-  I  1064)2 

1  100 

-0  53) 

1  .316 

-  0  131 

1  .yi) 

- 1  n)64)3 

4  000 

1  455 

5«)t4).3 

1  260 

1  2064)2 

i  120 

-0  580 

1  .318 

-0  126 

1  .y» 

-  7  0064)3 

4  Mill 

1  460 

-  1  .30F4I2 

1  260 

1  4064)2 

1  140 

0  510 

1  .385 

-0  120 

1.53) 

-  7  .3)6.  0.3 

5000 

1  450 

-  1  20t4)2 

1  250 

-  1  606432 

1  970 

0  600 

1  .360 

-0  121 

.  510 

- 1  (1)64)3 

5  500 

1  440 

-  1  XOF4)2 

1.23) 

2  1064)2 

1  HO 

-0  610 

1  .337 

-0  183 

1  5)0 

-  1  206.4)2 

6000 

1  410 

-  2  .30fc-02 

1  150 

- .'  7064)2 

2  03) 

-0  63) 

1  425 

0  l».«5 

'  i  4Kf) 

i  .5.)3-  -02 

6200 

1  430 

2  70F4)2 

1  140 

-  .3  1064)2 

2  030 

-  0  625 

1  424 

-0  165 

1  4M 

-  I  806.4:2 

6  500 

1  460 

.3  V)F  02 

1  1.30 

-4  2064)2 

2  'MO 

-0  6.30 

1  ;»3) 

PI  28 

j  .>y> 

-  .7.-416.432 

7  200 

1  400 

-  7  oof:  4*2 

1  4<ll 

-  5  y'6.4)2 

2  060 

0  6.y) 

1  210 

0  176 

1  440 

4  506  4)2 

7100 

1  200 

6  50t-02 

1  150 

-  4  (1)64)2 

2  13) 

0  63) 

1  140 

-0  4XX 

1  3X0 

7  3)6  )2 

S  200 

1  010 

-  0  100 

1  1.30 

7  106  02 

2.1.30 

-06X0 

1  31) 

-0  645 

I..740 

-1  3)64)2 

S  500 

1  300 

0  215 

1  300 

- 1  (kT64)2 

2  150 

-0  610 

1  .33) 

-0  755 

1  620 

-0  121 

8700 

2  400 

0  210 

1  400 

-  0  Itt) 

2  160 

-C610 

1  51) 

-0  772 

I.IM) 

-0  170 

1000 

2  5«) 

0  370 

1  31) 

-0  140 

2  13) 

0  31) 

j  6y) 

-0  6.3.3 

2  200 

-  0  215 

1200 

2  200 

-0  43) 

1  73) 

0  150 

2  1X0 

-  0  31) 

1  Ml) 

-0  586 

2  2  .HI 

-0  240 

1  500 

1  150 

0  160 

1  730 

-0  162 

2  110 

-0  710 

1  63) 

-  0  7S) 

2.2.50 

-0  275 

1  800 

1  X7II 

1  V)F4)2 

1  740 

-0  162 

2  31) 

0  715 

1  110 
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2.2X0 

-  O  304 

10  (l» 

1  X20 

1  (IIF4)2 

1  750 

0  162 

2  210 

0  73) 

1  XD) 

-  0  455 

2  .31) 

-0  33) 
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1  760 
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,  1  620 

0  t3) 

2  220 

0  730 

1  73) 

0  340 

2  31) 

0 
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1  73) 

5  (liF-02 

1  620 

))  105 

2  230 

0  7.V) 

1  63) 

))  4X5 

2  i.y) 

0  23) 
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1  670 

4  3)6;  02 

1  .510 

0  ino 

2  240 

0  740 

1  140 

0  374 

2  oyi 

0  240 
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1  631 

5  .3064)2 

1  510 

-1(1)6  02 

2  23) 

0  7.y) 

1  740 

0 

1  Wl) 

0  155 

13  (IW 

1  63) 
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1  470 

0  Kll 
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-0  760 
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-0  115 

1  760 

-  0  148 
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1  560 

1  53) 
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2  310 

-  0  775 
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0  115 

1  311 

0  145 
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1  570 

(1  Kll 

2  .33) 

0  71(1 
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-0  3)5 

1  650 

0  157 
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0  2i«i 
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0  1)1) 

2  3  30 

-  0  710 
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0  21 1 
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0  13) 
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0  160 

1  Ml) 
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0  XI)) 
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0  |«> 
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0  831 
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0  5*l) 
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0  244) 
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1  tMt 

0  115 
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))  X25 

1 

0  410 

2  III) 

0  3)5 
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1  X50 

0  13) 

1  MO 

0  13) 

2  410 

0  « 

1  92^ 

0  302 

2  1(1) 

0  ‘25 
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2  131 

0  23) 
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t> 

2  4VI 

0 
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0 

2  23) 
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0  2  Ml 

1  77)) 

t*:wi 

2  4HI 

Ar  HNI 
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0  212 

2  4(11 

0  210 

22  5«ll 

:  iMH) 

0  24)1 

\  Mtiri 

n  :wi 

2  4W» 

«  KMI 

1  83) 

0  3|5 

:  Mil 

l»  tvi 

25 

1  RW) 
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!  ^Ttl 

« 
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1 

0  2i%i 

2H*t 

II  4111 

27  wn 
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(1 

1  KMtl 

*1 

2  SM} 

O  •flO 

1 

0  \m 

2  Mil 

(l-fUr  i 

,5)1  oil 

1  X2II 

0  )3I) 

1  Kli|l 

0  43) 

2 

4>  *>411 

1  13) 

0  IKII 
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1  13) 
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Htfighi 

50  km 

23  km 

in  km 

5  km 

2  km 

(kml 

Met  Range 

Met  Range 

Met  Range 

Met.  Range 

Met  Range 

OO 

6  62H02 

I.58E-OI 

3  79E-0I 

7  70F;-02 

l.94E-i-a) 

1.0 

4  !5E-02 

9  9IE-02 

3  79E-(’.i 

7.70E-0I 

I.94E  +  00 

15 

3  26K-02 

7  92E-02 

3  79E-OI 

7.70E-0I 

I.94E  +  00 

;.o 

2  60t-02 

62IE-02 

6  2IE-02 

6  21E02 

6  2IE-02 

. 

Fall-Winter  Profiles 

Spnng-Summer  Profiles 

50  km  Surface 

2 

to  23  km  Surface 

50  km  Surface 

2  to  23  km  Surface 

Met  Range 

Met.  Range 

Met.  Ranee 

Met.  Range 

20 

2  60h4)2 

6  2 IE-02 

2.60E4)2 

6  211-02 

3.0 

1  l4l:-02 

2.72E-02 

1  46E4)2 

3  461  02 

40 

643K4I3 

1  20E-02 

1  02E4)2 

1  851-02 

5  0 

■;  85K-03 

4  85E-03 

9.30E-03 

9.  .301-0.3 

60 

3,54K-03 

3  54E-03 

77iE-03 

7.711-0.3 

70 

2  30K-03 

2  .30E-03 

6.22E-03  , 

6.221-03 

8  0 

1  4IK-03 

1  4IE-03 

3..36E-03 

3. 361-03 

9  0 

9  80|-:-m 

9  80E-04 

1.8 IE  03 

1  811-03 

Background 

Moderate 

High 

Extreme 

Backgnxind 

Moderate 
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Ixtieme 

Straiocpherc 

Volcanic 

Volcanic 

Volcanic 

Stratosphcnc 

VolcanK 

Vulcanic 

Volcanic 

9  0 

9  8ni-:-m 

,  9  80E-(M 

9  80E-fM 

9.80E-(M 

1  8JE-03 

I.8IE-03 

1  811-03 

1,81103 

100 

7.87h;-(M 

l,38E-03 

1  70E-03 

1.70E-03 

I.I4E-03 

I.85E-0.3 

1  851-0.3 

1.8.514)3 

1 10 

7.  Ut-tM 

1  791-03 

2  3IE-03 

2  3 IE-03 

S.OOE-04  , 

2  1  IE-03 

2  111-0.3 

2  1114)3 

12  0 

663K-<M 

2  2IE03 

3  25E-03 

3  25r:-03 

6  42E-04 

2  45E-0.3 

2  451-0.3 

2.4514)3 

13  0 

6.22K-tM 

2.75i;03 

4  52E-03 

4  52E-03 

5  I7E-04 

2.801-03 

2  801-0.3 

2  801 4)  3 

14  0 

64.5t.-(M 

2  89E-03 

6  40E-03 

640E-0.3 

44.3E-0» 

2.891-0.3 

3  611-0.3 

3.6IE-C.3 

.  15  0 

6  43t-:-m 

2  92E-0.'. 

7  80E-0.3 

1  0IE-O2 

3  95E-04 

2.921-03 

5  2  .31-0  3 

5  2314)3 

16  0 

6  4|E4kt 

2.74E-03 

9  42E-03 

2  35L-02 

3  82E-04 

2.74E-03 

8  101-0.3 

8  1014)3 

17  0 

6  0IE4M 

246E-03 

I.07E-02 

6  IOE-02 

4  251-04 

2.461-03 

1.2014)2 

1  2714)2 

18  0 

5  63E-<M 

2  I0E  03 

I.I0E02 

1  (XIE-Oi 

5  201-04 

2  IOE-03 

1.521-02 

2  .321-02 

190 

4  92fc  ."M 

1  7  IE-03 

8  60E-03 
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ure  18-18.  Attenuation  coefficients  vs  wavelength  for  the  maritime 
aerosol  model  at  50*^  relative  humidity. 
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Figure  18-19.  Exiinclion  coefficienis  v.  wavelength  for  the  maritime  aer¬ 
osol  model  for  the  different  relative  humidities  and  constant 
number  density  of  oarticles. 
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Hgure  1 8-20.  Attenuation  coefficients  vs  wavelength  for  the  tropospheric 
aerosol  model  at  50%  relative  humidity. 
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Figure  18-21.  Extinction  coefficients  vs  wavelength  for  the  tropospheric 
acrowl  rmxlel  for  different  relative  humidities  and  constant 
number  density  of  particles. 
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STRATOSPHeftlC  AeROSOL  NOOCLS 


F’gufc  1 8-22.  Extinction  coefficients  for  the  different  stratospheric  aerosol 
nfKxlels  (background  siratospheric,  volcanic,  and  fresh  vol¬ 
canic).  The  extinction  coefficients  have  been  normalized  to 
valves  around  peak  levels  fo’  these  models  ("ce  also  Figure 
18-131. 

relative  humidities  between  0*7^  and  99%  where  the  number 
density  is  fixed  at  15  (XX)  particles/em',  which  corresponds 
to  a  meteorological  range  of  about  25  km  for  the  dry  aerosols 
and  abtiut  5  km  at  999c  relalive  humidity, 

The  attenuation  coefficients  for  the  urban  aerosol  model 
as  a  function  of  wavelength  are  shown  in  Figures  18-16  and 
18-17  for  different  humidities.  The  corresponding  results 
for  the  maritime  and  tropospheric  aerosol  models  are  shown 
in  Figur-’.  18-18  and  18-19  and  Figures  18-20  and  18-21, 
respectively. 

The  extinction  cix-fficients  for  the  background  strato¬ 
spheric  and  volcanic  aerosol  models  are  shown  in  Figure 
18-22.  Frequently  the  :;-tio  of  tlie  scattering  coefficient  to 
total  extinction  k./k,  (smgle  scatter  albedo)  is  used  as  a 
measure  for  the  reiaove  contribution  of  scattering  and  ab- 
so>-ption  to  the  total  cxtioc  on.  Figures  18-2.8  through  18- 
27  give  the  single  scatter  albedo  for  the  aerosol  mtxieis 
discussed  above.  Notice  the  rapid  change  in  the  re!a.  .e 
importance  of  aerosol  scattering  and  absorption  in  the  mid¬ 
dle  infrared  spectral  region.  This  is  due  to  two  factors,  an 
increase  in  the  absorption  bcs'  iuse  of  an  increase  in  the 
imaginary  part  of  the  refractive  index  in  the  infrared,  and 
a  decrease  in  the  contribution  from  scattering  as  the  wave¬ 
length  becomes  significantly  larger  than  the  si/.e  of  the  aer¬ 
osols. 


Ruxm  a.80.>s.xs9x  kn 
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Figure  18-23.  Single  scaile.-ing  albedo  for  Jie  rural  aerosol  model  for 
different  relalive  humidities. 
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Figure  18-24  Single  scai'.ormg  albedo  for  ibc  urban  aerosol  nuxJel  for 
dtfferenf  relalive  humidities 
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Figure  I*- 27.  Single  sciinering  albedo  for  the  diffcreni  sbaiospheric  aer- 
onol  models  veruis  wavelength . 


ram  •.ae.ta.4tai 


hiptfc  Is  Zf'  Smck'  x-Mitcnne  AlStilit  he  (he  tn^pitsphem:  aentMil  mtHlel 
he  Jitienm  reljti'c  humidities 


There  are  also  some  noticeabte  differences  between  the 
angular  scattering  functions  of  thf  e  various  aerosol  models. 
Figures  18-28  a.  b  and  18-29  a.  b  give  examples  for  two 
wavelengths  1 .06  and  10.6  (am.  Both  figures  give  the  phase 
function,  defined  such  that  the  integral  from  0°  to  180° 
becomes  I .  For  many  purposes  (see  Section  18.5. 1 )  a  con¬ 
venient  one-parameter  representation  for  the  angular  de¬ 
pendence  of  scattering  by  aerosols  is  the  asymmetry  param¬ 
eter  g.’  It  is  defined  as  the  cosine  weighted  average  of  the 
phase  function  P(ft): 

J  cos  0  P(8f  d(cos  6) 
g  =  — TTi - - - - .  (18.22) 

J  P(0)  d(cos  0) 

where  P(H)  is  the  differential  probability  of  scattering  at  an 
angle  H.  The  asymmetiy  factor  for  the  various  aerosol  models 
is  show  n  in  Figures  I8-.M)  to  l8-.t4. 

Any  quantitative  treatment  of  light  scattering  must  in¬ 
clude  the  polarisation  of  light  since  in  general  light  becomes 
polarized  in  the  scattering  poK'css.  and  the  angular  distri¬ 
bution  of  scattered  light  deirends  on  the  state  of  polarization 
of  the  light  incident  .>n  a  particle.  The  degree  of  polarization 
P  can  vary  between  -1  and  -I-.  I  (see  Equation  (18.18)). 
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(a) 

UCHCO  ArHoincoic  AciKioa(.i  i.oo  tfim) 


(b) 

Figure  >8*28.  (a)  Anguiu;  scattering  functions  of  low  altitude  aerosol 
rkmIcIs  at  1.06  jtm 

(b)  Angular  scattenng  functions  of  high  attitude  aerosol 
nxxlels  at  1 .06  ^.m. 

Figure  IS-.I.*?  gives  examples  of  (he  angular  variation  of  i| 
and  i_..  The  f/olarization  of  light  scattering  is  dependent  on 
the  particle  size  and  the  wavelength  of  the  incident  light. 

18.2.2  Cloud,  Fog,  and 

Precipitation  Particles 

Cloud,  fog.  and  precipitation  particles  are  discussed  sep¬ 
arately  because  of  their  rather  unique  and  special  physical 
characteristics  and  life  cycle  that  dis'ini'uish  them  from  ha/c 
or  aerosol  particles.  First,  their  composition  is  uniform, 
ciihcr  water  or  ice,  or  under  some  circumstances  a  com¬ 
bination  of  both  .Second,  in  liquid  phase  these  particles  are 
drop-shaped,  that  is.  close  to  .spherical.  These  two  char¬ 


touMMiT  urn  MHOtai  nofvt  lo.ttflm) 


(a) 


(b) 

Figure  18*29.  (a)  Angular  scattering  functions  of  low  altitude  aerosol 
models  at  10.6  iim. 

(b)  Angular  scattering  functions  of  high  altitude  aerosol 
models  at  10.6  iJim. 

acteristics  make  mtxleling  of  these  particles  much  more 
realistic  than  for  aemsols.  Also  the  formation  prtKesses  and 
life  cycle  for  these  particles  are  he*ter  undcrstixxl  than  those 
for  aerostvis.  For  additional  informatiiin  see  Chapter  16  A 
survey  on  fog  pmpertics  was  compiled  by  Stewart  and  Ks- 
senwangcr  1 1982|. 

18.2.2.1  Particle  Types,  Water-Ice  Refractive  Index, 
Particle  Shapes.  Liquid.  U>g.  and  cloud  droplets  arc  the 
result  of  condensation  of  water  vapor  on  condensation  nuclei 
(aerosol  particles).  This  condensation  <Kcurs  at  relative  hu¬ 
midities  near  ItXKf  and  is  dependent  on  the  physicfKhcmical 
properties  of  the  condensation  nuclei.  However,  once  the 
condensation  has  (Kcurred  the  effect  of  the  condensation 
nucleus  on  the  total  droplet  proper ^es  betamies  negligible. 
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Fifuft  1 8-34 .  Asymmetry  parameter  of  upper  atmosphere  aerosol  models 
of  different  relative  humidities. 


The  conccntratiim  ami  si;e  dislrihulion  of  fog  and  cloud 
particles  depend  in  a  complex  way  on  the  exiMmg  mete¬ 
orological  conditions.  If  fog  or  cloud  drrplcls  become  s»» 
large  that  atnarspheric  buoyancy  can  no  longer  balance  the 
gravitational  forces,  they  will  fall  init  as  rain. 

At  temperatures  sufficiently  bclirw  fa-tVing.  ice  particles 
will  form.  Depending  on  the  ctMul  ^'oris.  they  may  be  single 
ice  crystals  such  as  in  ice  fog  or  high  altitude  cirrus  c!ou<ls. 
amorp>hi>us  ice  pellets  as  in  sleet  or  hail,  or  complex  shaped 
snowflakes,  if  ice  particles  full  from  cold  air  into  warmer 
air,  their  surface  may  be  coated  with  a  water  skin.  The 
refractive  index  of  water  at  optical  and  infrared  wavelengths 
is  well  known  |Hak  and  Querry.  1973;  Downing  and  Wil¬ 
liams.  19751:  see  Table  18-9. 

The  complex  refractive  index  of  ice  in  Table  1 8-9  was  de¬ 
rived  fmm  several  sources  (Schaaf  and  W' I  liams.  I97.3;lrsine 
and  Pollack.  I%7;  Grenfell  and  Ptawich.  1981;  Hobbs.  1974; 
and  Warren .  1 984 ) .  The  detailed  paKedures  were  as  fol  low  s: 

A.  For  the  real  part  of  the  refract've  index; 

1.  0.2-f).4  (im:  Warren  (19841  using  the  refractive 
index  of  water  for  guidance. 

2,  0.4-0  7  |j.m:  Table  .3.1  in  Htibbs  |I974|. 

.3.  0.7-2. 5  |jim:  interpolation  between  Hobbs  1 1974) 
data  at  0.7  p.m  and  the  value  of  Schaaf  and  Wil¬ 
liams  1 197.3|  at  2.5  >im  using  a  two  term  disper- 
SH>n  equation  follows  Irviise  and  Pollack's  1 1967) 
data  between  0.95  and  1.3  pint  but  deviates  for 
longer  wavelengths. 
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Figure  IS-,'.*'  AnguLir  dependence  of  ii  i'  ..  und  (it  i.'>  2-  ■  for  ditfcrciu  aeftwil  piirtK!c>  n  complex  relr;»cti\e  index,  o  si/e  par.iriKicf 
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4.  2.5  to  25  ft-in:  the  measurementN  of  Schaaf  and 
.  Williams  1 1*^7 .t|.  since  mote  accurate  than  any 

available  at  the  time  of  Irvin'  and  Pollacks'  1 1967) 
surv  cy . 

5.  25  4(1  ^m:  Warren  |  l‘)S4|. 

B.  hW  the  ima^inary^  part  of  the  refractive  index: 

I  .  0.2  n.4  jiin:  W  airen  |iyX4| 

2.  0.4  ^).‘J5  rim:  Grenfell  and  Perovich's  1 1‘)8 1  j  meas- 
urenamts, 

3.  0  OS- 1 ,40  Jim:  a  weighted  average  between 
Grenfell  and  Perovich  ( 1981 1  and  Irvine  and  Pol¬ 
lack's  1 1 967 1  survey. 

4.  1.40-2.7  p.m:  Irvine  and  Pollack's  i  1967)  values 
were  used  since  these  were  bused  on  transmission 
measurements  that  are  more  accurate  than  the 
reHectance  measurements  of  Schaaf  and  Williams 
for  weak  absorption. 

5.  2.7-25  ^m;  Schaaf  and  Williams  1197.31. 

6.  25  40  Mim:  Warren  |I984| 

Since  the  original  compilation  of  Table  18-9,  a  review 
of  the  optical  constants  of  ice  has  been  cvrmpletcd  by  Warren 
|I984|.  Itis  values  have  replaced  the  preliminary  ones  for 


wavelengths  0.2-0. 4  pm  and  25-40  pm.  For  mvrst  of  the 
tabulated  data  (0  4-25  ppil  the  diffentnees  are  the  order  of 
experimental  uncertainties  in  the  refractive  index.  For  wave¬ 
lengths  iMitside  this  range,  see  Warren  |I984|. 

CIvMid  and  rain  drops  can  be  considered  more  or  less 
perfect  spheres.  The  shape  of  single  ice  crystals,  although 
variable  depending  on  conditions,  is  fairly  well  km>wn. 
Under  most  conditions,  simple  snow  crystals  have  an  ap¬ 
proximate  hexagonal  symmetry:  however,  size  and  shape 
(habit)  are  influenced  by  the  temperature  and  humidity  con¬ 
ditions  extant  during  their  formation  and  growth.  The  stan¬ 
dard  classification  scheme  is  that  of  Magono  and  Lee  1 1966). 
who  describe  80  crystal  types  and  combinations.  Further 
complica.ing  the  picture  is  the  essentially  infinite  variety  of 
agglomerates  (what  most  people  refer  to  as  "flakes”)  that 
can  exist,  and  the  fact  that  any  of  the  basic  crystals  can  be 
modified  by  the  attachment  of  super-eixtied  dnrps  in  a  pro¬ 
cess  called  riming.  For  a  more  detailed  discussion  of  crystal 
formation  and  habit,  sec  (Thapter  16. 

18.2.2.2  Size  Distiibutioits.  There  have  been  extensive 
measurements  of  the  the  size  of  fog  and  cloud  droplets. 
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Pafii.U-  M/c  JistnhufiitnN  tor  scIcitoJ  iiiws  durinu*  on  22  jjmuirN  and  X  Pcbruar>  IW8I  near  Burlington.  VcmHmt  IukH 

di>tnhioii»n  is  tor  a  .^-minute  sample  period  taken  with  an  opiKal  array  probe  jBcrjjor. 
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SuHk'iciii  J;iU  oviM  h>  Jitlcrcnii.itc  drtip  si/c  Jis- 

lrihutii<n\  lor  Jiltorcnl  I>pcs  ol  toys  .nul  t.'louJ>  Drop  nIa"' 
tn>in  I  to  IIN)  (iin  can  <K\'ur.  Ihc  Miullor  m/c'  i  I  10  ^ni 
ranyci  arc  IouikI  m  Iocn  and  Nlraluv  Ivpc  cloud'.  Ihc  larccr 
si/C' m  con\ccli\c  cloud'  \ciih  Mronc  updrall  Icc  cr\'iaK 
m  cliHid'  (or  ICC  loci  nu\  tv  a'  'inali  a'  a  Icvk  nucronvlcr' 
althouch  the  'i/c  ot  cimi'  cltniii  particle'  i'  more  i\picall> 
.tf  the  order  ot  o  s  in  |  ^ni  Rain  drop'  are  di'lincui'hed 
Inim  cloud  drop'  onl>  hv  the  lad  that  ihe\  ha\e  crown 
larye  ihea\\  i  enouyh  lo  tail  to  the  'urtace  ol  ihe  earth  iihai 
i'.  lo  precipilate  ihjII  Ram  drop'  ma\  he  as  large  a'  5  mm. 
larger  Jrop'  hate  an  incTca'ing  lendenct  to  break  up  Sn«>u 
Hake'  pre'cni  an  iniere'ling  problem  with  regard  lo  optical 
cU'eci'  hecau'c  o'  iheir  evlrenvlt  complex  'hape'  atui  di- 
nvH'ion'  \ ariou'  data  I'uch  a'  l.o  and  Ra'carelli  |I9X2|; 
Berger  |l‘>XSj;  and  (ira>  and  Male  |I4XI|I  'UggC'i  that  a 
"txpical"  'now tall  con'i't'  ol  particle'  ranging  Irom  'ingle 
crx'lal'O  I  mnii  lOOpmior 'mailer to agglomerale"everal 
millimeter'  in  diameter 

Thca*  I'  liltle  inlormalion  on  the  exact  nature  «*l  the  'i/e 
di'tnbution'.  l.o  and  Pa"arelli  |'I0S2|  a"unied  a  'imple 
exponential  form  and  found  a'erage  diaiiR-ter'  of  0..S  to  2 
mm  for  'cveral  aircraft  mea'Urenieat'  u'ing  optical  arrax 
pnibc'  Cmiund-letel  mea'urement'  x»ith  .'pirated  optical 
arrax  probe'  bx  Berger  |  I4X  t|  and  f  onnxar  replicating  data 
of  Koh  and  O'Brien  |I4X2|  'ho>\  a  wide  range  of  'i/e 
di'tribution':  Ixpical  example'  am  'hown  in  Figum  IX-.tb. 
The  reavin'  for  thi'  wide  xariation  are  not  clearix  under- 
Mood,  though  ongoing  mixleliiig  work  bx  Martinev-.Sanche' 
et  al  |IVX.t|  i'  beginning  to  unraxel  some  of  the  eauM;'. 
The  majoritx  of  the  di'lribution'  peak  between  0.2  and  0,.S 
mm.  The  ama-weighted  average  radiu'.  the  'i/e  iivu'ure 
with  the  mo't  inlluence  on  extinction,  i'  generally  in  the 
range  0. 1  to  0..S  mm. 


IK.2.2.3  CliHid-Pm'ipitiilHin  Miiorls.  ('loud  and  tog 
drop  'i/e  di'tnhuiioii'  have  been  modeled  bx  'cxeral  re- 
'carcher'  M«t'i  comnionix  u-vd  are  the  model'  gixen  h\ 
IX'iniK'iKltian  |  hi00|  lor  cumulu'  cloud'  and  Siixennan  and 
Spragiie  |  I07(l|  lor  a  number  ol  fog  type'  and  'Cxeral  type' 
ofcItHid'  Table  IX- 1 1  I'ba'ediHiSilxemian’' compilation 
The  di'tnbution  fun'.’tum'  for  model'  I  12  are  'hown  in 
Ficurc'  IX-.S7  through  IX-.W  .Adxeciixe  fog  i'  produced  by 
the  traii'port  ol  iikm'I  air  oxer  a  colder  'Urface  rc'ulting  in 
the  ciMiling  ol  Ihe  'uriace  layer'  below  their  air  dew  point' 
with  conden'aiion  takirg  placv  in  the  fomi  of  log  '  Mo't  'ca 
fog'  are  advectixe  Both  the  'i/e  range  of  particle'  ami  Ihe 
lit|uid  water  conteniy.are  large  I'ce  .Model'  I  and  2.  Tabie 
IX- 1 1 1.  Radiative  log  i'  produced  when  'tagnani  imvi'l  'air 
heconv,  progre"ixely  cm>ler  during  the  night  due  l*>  ra- 
diatixc  cmvling  Thi'  type  of  fog  ha'  hvXh  a  'mall  'i/e  range 
of  particle'  and  a  'mail  liquid  water  content 

Cloud  droplet  'I/e  di'trihutions  am  mom  diflicult  to 
imxlel  However,  tiv  optic  ii  thicknc"  of  mo't  cloud'  i'  mi 
large  that  their  tran'mittance  at  xi'ible  and  iniTamd  wave¬ 
length'  hecomc'  completely  diffu'C  due  lo  multiple  'cal- 
tering  ('em  Section  IX..S.I). 

The  'i/e  di'tribution  of  rain  drop'  is  best  expm"ed  in 
term' of  rain  rule,  'ince  thi'  i'  Ihe  quantity  U'Ually  nvu'um'd 
by  the  weather  verx  ices.  This  loniiulalion  givs  hack  to  ex¬ 
perimental  work  by  laiws  and  Parsons  |l*k4.t|  and  Marshall 
and  Palmer  |  l‘>4X(.  .According  lo  their  work  the  number  of 
drops  of  diameter  D  can  he  expressed  as 

N|,  N„  expt  -  a  •  1)1 
whem  N..  =  O.OX  cm  '  ■  (IK.2.D 

and  a  -  41  R  "  ''cm  ' 

with  R  being  the  rain  rale  in  mm/hr. 


Tjhii*  IX  1 1  ("loud  nhidcK  drop  xii/c  diMnlnihons  and  liquid  '^aUT  c^micniv 


nirl 

= 

a  r'  exp  |  -  br| 

Cloud  Type 
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Number 

'X 

b 

N„  (cm  ‘1 

a 
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1 
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20 
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6 
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} 

3 

(IS 
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1  00 
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4 

5 
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b  2bX 

041 

Siratcvumulu' 
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OX 

2(Ki 
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1 
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KXi 
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7 

3 
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X 

*» 

llh 
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27. (X) 

0  20 
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.Stralixumulus 

Id 

•» 

(IS 

I.SO 
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0  30 

Ninibo'iralU' 

1  1 

(1425 

2(XI 

7b7rv 

0  b5  ; 
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I 

12 

0  32X 

•SO 

1  41 15 
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N  T"KiI  nufnN.*r  of  p.inick''  per  imif  Nstlunic 


18-29 


CHAFTFR  18 

FOG  nOOCLS 


. 

/ 

\ 

/ 

\. 

/ 

\ 

/ 

\ 

/ 

V 

/ 

\ 

/ 

\ 

/ 

\ 

i 

i 

y*  \ 

i 

/  \  \ 

i 

/  i  \ 

I 

/  i  \  - 

1  > 

/  / 

1  \ 

/  / 

1  \ 

/  / 

\  \ 

i  / 

1  \  1 

i  / 

i  \ 

i  / 

i  1 

1  j 

i  \ 

RADIUS  (/im) 

I'iiniR  IK  ?7  The  ilnip  \i/e  conecnmiHei  (cm  '  t>m  '|  lo  (wnicic  dn>p 
rj(iiuc  ijiiml  (><r  f(>K  RHKicK  I  ~2  in  TaMc  IK-1 1 , 


RFGL  CLOUD  nOOtLS 


/A 

/l/i  ' 


'  // 

/  /  #  • 

///  / 


lO'V  10*  10*  in* 

RADIUS  (fim) 

rijiuie  IK  .'K  The  Jnip  mic  ciMKeMnihin  (cm  '  |tm  'l  to  pnitK'le  ditip 
ndiuc  (|imi  rm  ckwd  imilelv  V7  in  TaMe  IK-II. 


This  a’lalkmship  is  striclly  cnipiricul  anJ  iIik's  nm  explain 
Ihc  physical  sijinilicancc  .*f  ihc  disinbuiums. 

18.2.2.4  KxtiiKtion.  Scattering.  Pnlari/atHin.  The  at- 

lenuatio'i  cdcl'licients  lor  the  loe  models  given  in  Seclion 
IK. 2. 2. 3  arc  presented  in  Figures  lK-i(l  ami  IK-41 .  For  the 
drviplet  conccni'aiions  given  in  Table  IK-II  (211  and  2(KI  lor 
Model  I  and  2.  respeciivclv  i.  the  resulting  nK-ieorological 
ranges  (visibiliiv  i  are  130m  and  450m.  However,  the  models 
can  be.  sealed  lo  visibilities  from  less  than  .SOm  to  over  I 
km.  The  extinction  c(K'l'licients  lor  dillerent  cloud  models 
arc  shown  in  Figures  IK-42  and  IK-4T  The  single  scatter 
albedo  ami  the  asymmetry  parameters  arc  gi*en  m  Figures 
IK-44  through  tK-4‘>  lo  describe  further  the  scattering  prop- 
enies  of  logs  and  clouds.  Because  ol  the  much  larger  si/e 
of  fog  and  cloud  droplets  co 'ipare’d  to  aerosol  (ha/ei  par¬ 
ticles.  the  polarization  ol  light  scallerci!  by  these  particles 
is  very  small  and  has  little  practical  impon.ince. 

No  theory  presently  exists  to  calculate  exactly  the  ex¬ 
tinction  civflicicnl  for  complex  shape's  such  as  snow  ervs- 
lals.  Mie  theory  in  Ihc  gcoinclric  limit  (Ihc  minimum  Mic 
size  parameter  at  1(1  pm  wavelength  is  .iNnii  kii  suggests 
that  extinction  in  snow  land  rami  shouKl  be  ne.irlv  inde¬ 


pendent  of  wavelenglli  in  Ihc  visible  and  infraa'd.  Trans- 
missvmK-ier  nvasuremenis  over  the  past  few'  years  by  a 
number  of  investigators  |  summarized'  by  Seagraves  and 
F'bersole.  I*»K3|.  however,  have  found  that  the  measuieJ 
infrared  extinction  cix'flicieni  varies  from  I  .(I  to  1 .4.5  limes 
that  in  the  visible,  gem'rally  increasing  with  wavelength, 
and  depemling  somewhat  on  the  type  of  instrument  used. 

Mill  and  Shellle  |mK3|  have  shown  that  most  of  the 
appjivnt  wavelength  dependence  can  be  explained  by  in¬ 
strumental  cficcis  The  scattering  phase  functions  ..f  par¬ 
ticles  that  are  large  compared  lo  the  wavelength  aa*  char¬ 
acterized  h.  extrciiK’ly  narrow  forw  ani  lobes  due  to  Fraunhofer 
diffraction  For  snow  crystals  with  avera  te  areas  ev^ui valent 
to  a  sphere  of  1 1  I  toll. 3mm  radius,  this  (vak  is  comparable 
lo  iIk'  lield-of  V ievv  iF()\'i  of  typical  transinissome  er  ce- 
ceivers  I'herelorc.  for  a  given  transmissomeler  FOV.  the 
longer  the  wavelength  the  less  lorw ard-scallered  radiation 
is  .ensed  resulting  in  a  lower  "apparent"  transmission.  The 
relationship  K'tween  the  measured  iransmitiahce  and  the 
true  radiance  iransmitlance  -  is  given  by  |Mill  and  Shettlc. 
IWH 
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prOL  CLOUD  nOOCLS 


PM  MOCt  I 


WAVELENGTH  (/im) 

Figure  I  (MO  Attenuation  coefAcient  venus  wavelength:  heavy  advection 
fog  model  I. 


Figure  IR-J9.  The  dmp  sat  conccntralKin  (cm"'  (im"')  to  panicle  drop 
fudiuv  (pml  foe  cloud  nvodeU  «-l2  in  Table  Kl-il. 


where 


mJ,|x  sin  (O'  +  <1)')| 
X  sin  (O'  +  <J>') 


I  f(0')dO'd<b’ 
(lk.25> 


6  =  half  angle  of  receiver  field  of  view 

6  =  half  angle  of  source 

X  =211  r/X,  the  particle  si/e  parameter 

r  =  particle  radius 

X  =  wavelength 

Ji  .  =  Bessel  function  of  the  first  kind,  first  order,  and 
f(0)  =  relative  response  of  the  detector  over  tiie  FOV. 
(=  I  for  flat  detector  response  I 

This  equation  assumes  that  multiple  scattering  is  negligible. 
0  and  d)  are  small  dess'  than  .^'’l.  the  phase  function  is 
adequately  represented  by  the  Fraunhofer  diffraction,  and 
the  si/e  distribution  can  be  represented  by  a  single  effective 
scattering  .-adius.  Values  of  D'  have  been  tabulated  |Shcttle 


rat  MKi  « 


WAVELENGTH  ( ) 

.Figure  IX-41.  .Airenuaiion  cwflkicnl  vs  wavelength,  lighrtu  moderate 
radiation  fog  rmxk!  2. 


18-31 


CHAPTER  18 


et  al..  I98SI  for  various  6.  6.  >nd  x’s  and  arc  summariztd 
m  Table  18  12.  To  use  the  table,  calculate  the  two  ubie 
parameters  as  follows: 

p  ~  Max  (S.  ^k/Min  (8,  6)  (18.26) 

V  >  X  ‘  Min  (0.  d>).  where  0  aaid  ^  ate  in  radians. 

*-• 

where  the  expres'ion  Max  means  use  the  largest  of  the 
arguments  in  the  parentheses.  Similarly.  Min  means  use  the 
smallest.  Max  and  Min  are.  respectively,  the  larger  and 
smaller  of  the  two  arguments.  A  comparison  of  unconected 
and  diffraction-corrected  mea.sured  transmittances  is  shown 
in  Figures  18-50  and  18-S I .  Seagraves  1 1983)  has  compared 
measured  visible  and  10.5  pm  transmittances  to  those  cal¬ 
culated  from  geometric  optics  theory.  The  calculations  as¬ 
sumed  a  modified  gamma  size  distribution  of  particle  sizes 
between  84  and  761  pm  radius  based  on  replicator  data, 
and  used  the  airborne  snow  mass  com^entrations  measured 
by  CRREL  |see  Lacombe.  1983).  These  studies  strongly 
suggest  that  the  extinction  coefficient  in  srtow  is  very  nearly 
wavelength  independent  in  the  visible  and  infrared,  though 
pait^le  shape  may  have  a  small  effect  below  the  resolution 
of  the  measurement  precision  and  cannot  be  ruled  out. 

Studies  by  a  number  of  investigators  have  addressed  the 
question  of  the  relationship  between  snow  fall  rate  and  ex- 
tirtetion.  Results  summarized  in  Figure  18-52  vary  widely 
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Figure  1 8-<2  E»tin«ion  coefficiems  for  sirMus  cloud  models  5.  7.  *:  9.  Figure  I S-44  SinglescHteralbedoforfoginodelsreiidZlTablelS- 
10  (Table  8-11).  ID 
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WAVELENGTH  (/xm) 


Figure  18-49. 


Asymmetry  parameters  for  cloud  models.  3,  4,  6,  II,  12 
(Table  18-111 


Table  18-12.  Forward  scattering  correction  lacturs  O'  (x.  8,  4l  for  a 
transmissometer  » ith  flat  receiver  field  of  view ,  where  p  = 
rrux  (A.^i'min  (8.6l  and  v  -  x  -  min  I8'4>).  for  6  and 
4  in  radians 


•  to  ae  M  lao  ito  lao  tia  tao  aro 
TiM  M  MIMUTCt  atTC*  I6S0 


Figure  18-30.  Transmittance  in  the  visible,  3-3  |im  and  8-12  pm  bands 
during  a  lanuary  1982  snowstc-n  near  Burlington.  Ver¬ 
mont  The  appaie^  r.-rreasing  extinction  with'wavlength 
it  typical  of  measuiV"«nLs  in  snow  (Mill  and  Shctlle.  1983). 

due  perhaps  to  both  measureirient  error,  particularly  in  the 
snow  rate  data,  and  to  crystal  habit  or  size  distribution. 
Recent  results  of  Lacombe  |  I983|  show  that  for  a  given 
airborne  snow  mass  concentration  visible  extinction  de¬ 
creases  with  increasing  riming  (Figure  18-53)  and  appears 
to  be  greater  for  plate-like  crystals  (spacial  and  plane  den- 
diitic.  broad  branched  crystals  arid  plates)  tnan  for  the  more 
compact  types  (columns,  bullets,  side  planes,  needles  and 
assemblages  of  plates). 

The  most  extensive  set  of  snow  phase  function  mea¬ 
surements  have  been  made  at  Michigan  Technological  Uni¬ 
versity  IWinchestcr  ei  al..  1981).  A  typical  example  is  shown 
in  Figure  18-54.  These  measurements  are  of  high  angular 
resolution  but  required  one  to  two  hours  per  pha.se  function. 


0  50  80  *0  120  150  itO  20  240  270 

TIME  IN  MINUTES  AFTER  ISSO  ' 

Figure  IK-51.  Dafa  from  Figure  IK  44.  corrected  for  fon^ard  scatter  into 
the  iransmisM>meier  ticld  ot  view,  assuming  an  effective 
scattenng  radius  of  t)  2  mm  Residual  wavelength  depen¬ 
dence  may  be  due  to  multiple  scattering  or  shape  effects. 


18-34 


ff,05S/i,  Atl»nua«ion  Co«»fieitnt  (km')  3  EXDKCTON  COElFlClENT  (ktii') 


OPTICAL  AND  INFRARED  PROPERTIES  OF  THE  ATMOSPHERE 


EXTINCTION  vs  SNOWFALL  FIATE 
FOR  DIFFERENT  MOOE-S 


(EQUIVALENT  liquid  WATER) 


18-32,  MiiJels  of  visible  evimetioo  coeflieicnl  vtrsus  equivulcnl 
snow  fall  rate.  Curve  R  is  for  rain  wf.ile  the  iHhers  are  ftv 
sr«>w  as  measured  by  various  investigators  (Mason.  Id78|. 


C,  Airborne  Snow  Concentration  (q/m^) 


Figure  IS-Vf  Relationship  heraeen  .iirNimc  snow  eoneeniralion  andO..S5 
tini  evliix'lion  for  .1  sleerees  of  riming  Data  are  from  SNOW- 
()N(o.-\  Curves  arc  power  law  tits  within  g.ieh  category. 


0  90  ISO 


SCATTERING  ANGLE 

Figure  18- $4.  Phase  function  of  falling  snOw  measured  in  Houghton. 

Mississippi  on  26  January  1981  w  ith  a  polar  nephelometer 
(Winchester  et  al..  1981 1.  The  dominant  crystal  was  a  six- 
sided  dendritic  of  about  2  mm  diameter.  Circled  points  are 
data  from  the  .11  January  1982  SNOW-ONE-A  episode 
averaged  over  the  1 .3.)0-20(X)  peritxJ.  Data  were  taken  each 
minute  with  a  Hxed-anglc  nephelometer  at  30°.  1 10°.  and 
150°  scattering  angles. 

raising  the  question  whether  they  represent  any  one  snowfall 
"type".  Measurements  made  by  AFGL  are  also  shown  in 
Figure  18-54.  They  were  made  simultaneously  at  three  fixed 
angles  and  are  shown  normalized  to  the  Winchester  data  at 
30°;  they  show  gotxJ  agreement  in  relative  scattered  inten¬ 
sity.  An  absolute  ci>mparison  is  not  pffssible  since  Win¬ 
chester's  data  art  nt>t  normalized  to  total  extinction. 


18,3  SURFACE  REFLECTANCE 
AND  ALBEDO 

A  fraction  of  a  light  beam  that  is  incident  on  the  earth's 
surface  or  (in  clouds  w  ill  be  rellectcd  back  into  the  atmo¬ 
sphere  where  it  may  undergo  further  scattering  and  absorp¬ 
tion,  Surface  retlectance  consequently  affects  sky  radiance 
seen  from  the  ground,  the  radiance  of  the  aimosphere  as 
seen  frim  space,  and  olher  atmospheric  optical  quantities 
(see  Section  I8,5i.  The  percentage  of  light  rellected  from 
natural  terrain  or  water  surfaces  varies  with  angle  of  inci¬ 
dence  and  look  angle  and  is  also  a  function  of  the  w  avelength 
of  the  radiation.  Details  of  these  rellection  processes,  es¬ 
pecially  laboratory  nieasurenients  on  surf  aces,  are  often  tre’ated 
by  the  bidirectional  rellectance  function  (BDRFl.  while  in¬ 
tegral  rellection  effects -  for  example  the  brightness  of  a 
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planet — arc  UMi'illy  charactcri/'cJ  by  “albedo".  For  mirror 
surlaces  (•specular  a’lleetion).  the  incident  and  rellected  beam 
and  the  ni>rnial  to  the  surface  at  the  p*)int  of  incidence  lie 
in  the  same  plane;  the  ancle  between  the  m)rmal  and  the 
Jia'ciion  of  incidence  and  between  the  normal  and  the  re¬ 
flected  beam  are  identical. 

A  brief  derivation  of  the  BDRF  following  Nicixlemus 
llfb?)  and  Leader  |l'f7'i|  will  now  be  given.  The  radiant 
power  incident  on  a  surface  element  dA  through  a  beam  of 
w>lid  angle  dll,  (from  polar  angle  0.  a/imuth  angle  (hi  is 


SALT  FLAT 


d  P.  =  N,  dA  dll’,  . 


(18.27) 


'  where  N,  is  the  radiance  (W  cm  -  sr  ')  and  dll',  =  cos  fl, 
dll,  is  the  projected  st>lid  angle.  The  radiant  ptiwcr  reflected 
into  dll,  is 


d  P,  =  dN,  dA  dll',  . 
Thus  the  ratio  of  the'  radiant  power  is 


(18.28) 


— '  =  dll',  =  r  dll',.  (18.29) 

d  P,  N,  dll’, 

r  (H,.  d),.  H,.  6,)  (sr  ')  is  '-ailed  he  bidirectional  reflectance 
function  (BDRF).  This  dehnition  is  especially  useful  for 
narrow  (collimated)  illuminating  beams  (sun,  laser).  If  the 
incident  radiance  comes  from  all  directions  of  the  hemi¬ 
sphere.  then 


N,  =  J  {'  N,  sin  H  cos  6  d 


(18.30) 


A  perfectly  diffuse  reflector  is  characterized  by  a  con¬ 
stant  f'  in  ail  directions.  If  such  a  surface  is  diffusely  ir¬ 
radiated  and  the  reflected  radiance  in  any  direction  is  mcas- 
ared.  the  directional  reflectance  is  f.i,,,  =  it  f'  |dimcnsion- 
less|.  Hence,  the  BDRF  of  a  reflection  standard  (barium 
sulfate)  with  f,,.,,  -  I  is  f'  =  I/tt. 

Comparison  of  incoming  and  outgoing  shortwave  ra¬ 
diance  of  the  earth’s  surface  or  the  earth's  atmosphere  in 
ihe  simplest  way  is  made  by  a  "flat"  receiver  turned  up  (for 
Jownwelling  radiation'  and  down  (for  upwelling  radiation). 
The  r.'itio  of  the  fluxes.  P  T  /P  j  .  is  often  called  albedo  or 
diffuse  reflectance. 

Faton  and  Dirmhi.n  !I979|.  for  example,  have  made 
neasurements  of  BDH  F.  and  albedo  of  several  surfaces  tor 
.hortwave  radi;'tioi.  tO  ’  tim).  Those  of  a  salt  flat  and  a 
lield  of  corn  are  show  n  in  Figure  IS-.'i.'s  for  two  solar  ele¬ 
vations.  Due  to  the  anisotropy,  the  nadir  values  irf'  of  the’ 
BDRF  are  to  be  multiplied  by  a  factor  F  to  ol-taip  the  albedo. 
■\(  low  solar  vlexadon  angles.  F  is  generally  >1.  but  sur¬ 
faces  with  \ertieal  truelnre  may  make  F  ^  I  at  high  sun 
when  partial  shadowing  occurs). 

Spectral  relleetanee  from  0.2  to  4pm  for  several  surface 
vpes  l^  given  in  Figures  i.S-sfS  through  IS-.SS  |Sui(s.  197S|. 


•  *  2.3 

10*  44*  16*  50* 

SOLAR  ELEVATION 

Figure  111-55,  Bidirccliona'  rcOcclion  function  of  Bonneville.  Utah.  Salt 
Flat  (left)  and  a  com  Held  (right),  each  for  a  low  and  a 
high  solar  elevation.  F, I  irf'lNMiiT  =  albedo  for  a  horizontal 
receiver  Spectral  range  0..t  to  .t  tim  (Eaton  and  Diimhim, 
I97VI. 
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Figure  18-56.  Typical  .spectral  diffuse  reflectance  of  snow.  ice.  soil,  and 
vegetation  after  Suits  (1978.  Figure  .V|9(. 
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AFGL  a  computational  model,  FASCODE  (Fast  Atmo¬ 
spheric  Signature  Code),  has  been  developed  and  made 
available  to  the  scientific  community.  Line-by-line  calcu¬ 
lations  are  discus.sed  in  the  following  section  in  the  general 
context  of  atmospheric  calculations  and  the  FASCODE  model 
(Clough  et  al..  1981;  Smith  et  al..  1978|.  Specific  details 
of  the  model  are  not  discussed,  but  are  available  in  the 
literature  (for  example,  Clough  and  Kneizys,  1979;  Clough 
et  al..  19771.  A  general  reference  covering  the  topic  of 
atmospheric  molecular  absorption  that  the  reeder  will  f.nd 
particularly  useful  is  the  work  by  Goody  1 19f  4|. 

18.4.1.1  Line-by-Line'  Computations  (FASCODE).  The 
monochromatic  optical  depth.  k(v)  at  wavenumber  value 
,v(cm‘*),  assuming  superposition  of  the  contribution  from 
the  individual  spectral  transitions,  is  given  by 


Figure  18-58.  Variation  with  nadir  look  angle  of  specular  reflectance  R 
of  smooth  water  surface  and  surface  roughened  by  a  beau- 
fort  4  (Suits,  1978,  Figure  J-l  I4|. 


k(v)  =  V 


I  _  g  -  hciz.kT 

I  -F  e 


X  W(m,)  Si(T)  |f(v.u,)  -r  f(v.-v,)l 


(I8..^1) 


Further  examples,  citations,  and  refeiences  to  data  files  can 
be  found  in  Suits  |I978|.  Fitch  (1981]  made  a  theoretical 
study  of  the  polarized  radiance  (at  0.4  and  0.6  p.m)  from 
the  top  of  the  earth’s  atmosphere  for  different  surfaces  and 
aerosol  conditions. 


18.4  ATMOSPHERIC  TRANSMITTANCE 
AND  RADIANCE 


18.4.1  Monochromatic  Radiation. 


where  W(m,)  (niol/cm’)  is  the  column  density  for  the  rno- 
lecular  species,  m^,  involved  in  the  i'*'  transi'ion.  Vj  is  the 
transition  wavenumber  and  Si(T)(  l/mol/cnr)  is  the  intensity 
at  temperature  T  (K)  appropriate  to  the  FASCODE  line 
shape,  ffv,  V,)  (I/cm  ').  We  note  that  WlmJ  =  p(mi)l  for 
path  length  I  and  molecular  density  (plnii).  This  line  shape 
formulation  is  an  extension  of  that  used  by  Van  Vleck  rnd 
Huber  ( 1977]  and  discussed  by  Clough  et  al.  1 1980.  I98.1’ 
Equation  (18.31)  may  be  conveniently  rewritten  in  tenns  of 
the  radiation  field  dependent  term  v  tanhthcv/ZkT)  to  o’utain 

k(v)  =  V  tanh(hcv/2k'^,)  (18  32) 

x2  W(m,)  Si(T)  (flv.Vi)  +  flv.-vi)! 


For  many  purposes,  knowledge  of  the  monochromatic 
optical  depth  for  a  specific  optical  path  in  the  earth’s  at¬ 
mosphere  is  required.  The  type  of  calculation  necessary  ;o 
obtain  this  information  is  referred  to  as  a  line-by-line  cal- 
culaltvin  since  it  takes  into  account  the  contribution  of  each 
spectral  line  to  the  montKhromatic  absorption.  Conse¬ 
quently.  line  byline  calculations  require  detailed  knowledge 
of  the  spectral  line  parameters  associated  with  each  contri¬ 
buting  transition.  Such  computations,  performed  over  an 
extended  wavenumber  interval  (of  the  order  of  l(X)  cm  ') 
may  require  significant  computational  effort.  Several  meth¬ 
ods  for  performing  such  computations  have  been  discussed 
in  the  literature.  Some  are  particularly  suitable  for  special¬ 
ized  calculations  (Scott  and  Chedin.  1981;  McMillin  et  al., 
1976:  Kunde  and  Maguire.  197.1 1.  some  make  approxi¬ 
mations  that  in  certain  cases  may  be  acceptable  |Karp.  1973; 
Mankin  I979|.  and  vithcrs  are  accurate  and  direct  but  not 
computationally  efficient  (Susskind  and  Scarl,  1978].  At 


The  intensity,  S,,  is  expressed  in  terms  of  the  trau  .iiion 
strength  Ip,, "I  dobye’,  as 


-  8tt'  X  10 

S,(T)  -  — 


3he 


|p,-|  ^1  -b  e 


(18. .33) 


Ov(m,.T)QK(m,.T)' 

where  E,(cm  ')  is  the  lower  state  energy  for  the  transition 
ard  Qv(m,T)  and  QR(ni,.'r)  arc  the  vibrational  and  rotational 
partition  functions  for  the  appropriate  molecular  species, 
m,.  In  terms  (.f  the  intensity  definition.  S,(T).  used  for  the 
AFGL  line  compilations  |Rothman  et  al..  1983a. b;  Mc- 
Clatchey  et  al..  1973]  we  have  the  relationship 


18-37 


CHXPTER  18 


SiT)  ==  - 

V, 


,  -  e 


S.(T). 


(18.34) 


The  lin«;  <4upc  luiKtum  muN(  siiixfy  the  iHtmuli/alkin  con- 
dilum. 


I 


)IK.35) 


A>  j  tesuh.  the  cxpfeN>i»>n  tVir  ofiticai  Jcpih.  (ufuatkin  ( 18.32) 
sitislies  Ivku  impiKtant  ciWHlitumx:  the  Nyquist  ciMKiitiun. 


i: 


dv 


ktvt 


w  tanh  (hcv/2kT ) 


( I8.36t 


that  i«i.  the  preserxation  of  transitiim  strengths;  an<l  the  con¬ 
dition  that  radiation  halaiKe  he  satistied  hetisecn  emission 
and  anvtrption  tor  a  system  in  thermal  ctjuilibrium. 

The  line  shape  function  ft  v.u.l  is  dependent  On  molecular 
species,  hroadeninc  density,  and  temperature.  For  colli- 
sHHial  hricidenine  in  the  impact  limit,  the  form  factor  is 
iiscn  hs 


ftc.  r;i  = 


a; 


I 


wii’  -  i',»-  +  ta’,)- 


(18.37) 


I* here  n,‘  (cm  '  t  is  the  collision  btxiadened  halfixidth  at  half 
maximum  ( H  A'HM  i  It  proves  convenient  for  computational 
puq[«>scs  to  define  a  dinK'nsionless  parameter  /  such  that 


/  = 


n  -  V, 

a; 


(IK..38) 


I'hU’*.  ftc.r  1  fvcomes  f(/i  =  tl.'ci';)  !.(/(  where 


Figure  I*- 59  (a)  Ttie  line  shape  profile  appropriate  for  colli.'ional  broad¬ 
ening. 

to)  The  line  shape  profile  appropriate  for  velocity  broad¬ 
ening. 

(c  I  TTic  function  uiilired  in  FASCODE  for  the  construction 
of  the  Voigt  line  profile. 


Lf/i  =  - — (18.39) 
w  I 

The  functmn.il  dependence  of  L(/I,is  shown  as  function  L 
in  Fieurc  IS-5'ij 

The  ilepcndence  of  the  collision  broadened  halfwidth  sMI 
the  number  density  .  n.  and  temperature.  T.  of  the  absorbing 
nKdia  is  gocn  by  the  relation. 

o:  tn.Tt  =  a;’ (n/a.MT/'T„l '‘r  (!8.40) 

where  o"  is  the  collision  halfw'dth  at  reference  number 
density  n  defined  for  101. t  mb  and  reference  temperature 
T,,  1 29b  K 1.  The  ouantity  X  r .  eharacteri/ing  the  temperature 
dejx-ndence  of  the  halfwidih.  typically  ranges  between  0 
and  os.  Jependine  .'n  molecular  species  ar.d  temperature. 
C'l.issical  collision  in.’ory  gives  a  value  of  0  5  for  Xp.  Values 
of  .\|  appropn  lie  to  each  moicculc  type  are  stored  in  the 
program 
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The  extensive  computational  effort  required  for  atmos¬ 
pheric  line  by  line  calculations  is  a  result  of  three  principal 
factors;  the  large  number  of  spectral  lines  contributing  to 
the  absorption,  the  small  sampling  interv'al  necessary  to 
model  the  attenuation  at  higher  altitudes  and  the  slow  con¬ 
vergence  to  zero  of  the  Loremz  function  given  in  Equation 
(18.39),  The  latter  consideration  has  been  treated  through 
the  algorithms  utilized  in  FA.SCODE  and  the  details  have 
been  made  available  in  the  literature,  A  computational  sav¬ 
ings  of  sixteen  is  achieved  over  direct  methods  for  a  spectral 
interval  of  512  halfwidlhs. 

For  the  Doppler  regime,  in  which  velocity  broadening 
dominates,  the  line  shape  is 
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Letting 


p  -  p, 


then  f(z)  =  (l/u[*)  G(z)  where 


(IH.42) 


G(z)  = 


-(ln2)(z-’)l. 


(I8.43> 


The  functional  dependence  of  G(z)  is  Gaussian  and  is  shown 
in  Figure  l8-59h.  The  Doppler  halfwidth  (HWHM)  is  given 

where  M  is  the  gram  molecular  weight  of  the  molecular 
species  of  the  transition  and  N.,  is  Aviigadro  s  number. 

In  the  intermediate  regime  between  collisional  broad¬ 
ening  and  veliKity  broadening,  the  line  shape  is  obtained 
from  the  convolution  of  the  collisional  and  Doppler  line 
.shape  giving  the  Voigt  line  profile.  The  computation  of  the 
Voigt  line  shape  using  a  direct  approach  is  too  time  con¬ 
suming  for  general  utilization.  These  direct  methods  gen¬ 
erally  give  results  to  significantly  higher  precision  than  the 
uncertainty  in  the  line  parameters  and  the  uncertainty  in  the 
line  shape  itself'.  An  effective  approximation  to  the  Voigt 
line  shape  may  be  obtained  by  using  an  extension  of  the 
method  propo.sed  by  Whiting  1 19681.  A  Voigt  parameter. 
4.  is  defined  in  terms  of  the  collisional  and  Doppler  widths 


5 


a'  4-  a*’ 


(18.45) 


for  which  4  =  0  in  the  Doppler  limit  and  {  =1  in  the 
collision  broadened  limit.  For  C  =  0.5  the  collision  and 
Doppler  widths  arc  equal.  The  Voigt  width  a'  (HWHM)  is 
obtained  through  the  relation 


a'  =  Ad5)  fa"  4-  a').  (18.46) 

The  function  A.fC)  shown  in  Figure  l8-(i0  is  obtained  from 
the  relations  given  by  Kielkopf  |I97,4|  where 


I  4-  F 

Adt)  =  (0— T"  + 


4-  I  -  (I 


(18.47) 


with  F  =  0.0990  In2.  An  appropriate  Voigt  line  shape, 
Vtt.zi.  is  given  as 


Figure  18-60.  The  constant  relating  the  Voigt  width  to  the  sum  of  the 
Doppler  and  collision  widths:  collision  broadened  wMfh 
over  the  doman  O.S. 


where  z  is  defined  as 


V  —  V 

z  =  - ^  (18.49) 

g 

The  function  V,;(z)  is  an  analytic  function  having  the  de¬ 
pendence  on  z  shown  in  Figure  l8-.59c.  The  constants  CJO- 
C|}(5).  and  C,(C)  arc  determined  from  least  square  fits  of 
V(J.z)  to  the  exact  Voigt  function,  The  Voigt  line  profiles 
for  four  values  of  '5  and  the  FASCODE  approximation. 
Vf^.z).  are  shown  in  Figure  18-61.  The  computational  sav¬ 
ings  using  this  approximate  approach  is  on  the  order  of  IQO 
compared  with  direct  methods.  The  largest  error.  ~39(. 
occurs  for  4  =  0.05  at  a  value  of  z  corresponding  to  16 
halfwidths  from  line  center  at  which  the  function  is  four 
orders  of  magnitude  less  than  the  peak  value. 

18.4.1.2  Continuum  Absorption.  FASCODF  includes 
continuum  contribution  from  self  and  foreign  density  de¬ 
pendent  water  vapor  absorption,  foreign  density  dependent 
carbon  dioxide  absorption,  and  the  collision  induced  band 
of  nitrogen.  A  more  extensive  treatment  of  the  approach 
used  in  FASCODE  in  which  the  continua  are  developed 
from  the  wings  of  stmng  lines  appears  in  the  literature  ICIough 
et  al..  1980  and  19831.  For  atmospheric  applications  it  is 
advantageous  to  express  the  density  dependence  in  terms  of 
a  seif  and  foreign  component.  The  continuum  contribution 
to  the  optical  depth,  kc,  is  given  by  the  expression 

kt  =  W  r  tanh(hci’/2kT)  (18. .SO) 

X  f(n,/n.,)  Cdv-T)  +  (n,/n„)  C,(v,T) 


V(4.z)  =  C.(4)L(z)  +  Ci.lciGl/) 

+  C,(4)V,(z).  (I8.4'8) 


where  W  is  the  column  density  of  the  absorbing  molecular 
species,  (n./n,,)  and  (n|/n,,)  the  number  density  ratios  for  the 
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Figure  IH-62  The  >clf  ifcnsily  liepeniem  cimlinuum  value>  C,  for  walcf  vapor  a-v  a  functioo  of  wave  number.  The  eapenmenial  values  ae  from  Burch 

|l‘«l|. 


Hiyurc  IS  6?  The  mII  Jcn-ilv  defvmjcni  e.iniinuum  value'  f,  lor  water  vap>r  av  a  luneiivn  ol  wave  number  at  ’Ml  K.  K,  anJ  'W  K  The  value 
Irom  ’'Ih  K  anil  US  K  are  h.v  lo  evperiniemal  rcsulis,  ihe  ’Ml  K  iv  e«ripola!eJ 
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self  and  foreign  continuum,  and  C.  and  C|  |(cm  '  mol/cm')  '| 
the  wavenumber  dependent  continuum  absorption  parame¬ 
ters  for  the  self  and  foreign  components.  The  density  n.  is 
the  density  of  the  absorbing  molecular  species  and  ni  is  the 
density  of  all  other  molecular  species;  consequently,  n,  +  n, 
represents  the  total  density.  The  quantity,  n,..  is  the  reference 
number  density  defined  at  1013  mb  and  2%  K.  In  some 
cases  the  dependence  of  C  on  temperature  is  not  known. 
The  present  formulation  has  the  advantage  that  the  contin¬ 
uum  contribution  to  the  optical  depth  decreases  with  in¬ 
creasing  temperature  through  the  number  density  ratio  term- 
The  quantities  C.  and  C,  ftx-  water  vapor  and  C,  for  carbon 
dioxide  are  stored  in  the  program  for  the  spectral  range  0 
to  20  000  cm  *. 

The  values  for  C,  for  water  vapor  at  2%  K  are  slK>wn 
in  Figure  18-62  together  with  the  experimental  values  ob¬ 
tained  by  Burch  |Burch  and  Gryvnak.  1978  and  1979;  Bureh 
et  al..  1971;  and  Burch.  I970|.  The  260  K  result  was  ob¬ 
tained  by  extrapolating  the  tits  to  the  3S3  K  and  2%  K  data 
of  Burch.  The  results  for  the  three  temperatures  are  shown 
in  Figure  18-63.  The  strong  temperature  dependence  of  the 
self  density  dependent  water  vapor  continuum  is  treated  by 
using  exponential  interpolation  of  the  260  K  and  296  K 
values. 


Only  values  near  room  tempe;rature  are  available  for  the 
foreign  dependence  of  the  water  vaprx  ctwtinuum  The  con¬ 
tinuum  values  C|  at  296  K  are  shown  in  Figure  1 8-64  and 
have  been  obtained  by  a  fit  to  the  data  of  Burch.  There  is 
considerable  uncertainty  in  the  values  for  the  spectral  win- 
derw  regions  at  1000  and  2500  cm  '. 

Fur  nitrogen,  continuum  values  at  296  K  are  included 
in  FASCODH  fur  the  collision  induced  absorption  band  itt 
2350  cm  '.  For  this  case  C,  is  taken  to  equal  C|.  so  that 
the  effect  is  dependent  on  the  total  density. 

19-4.1.3  Rndiance  and  TrensmitUuice  for  Atmospheric 
Paths.  The  layering  of  the  atmosphere  is  primarily  de¬ 
pendent  on  two  considerations;  the  ratio  of  tHe  Voigt  widths 
at  the  layer  boundaries  and  the  temperature  across  the  layer. 
The  Voigt  width  as  a  function  of  altitude  fur  the  U.S.  Stan¬ 
dard  Atmosphere  is  shown  in  Figure  18-65.  The  sampling 
interval.  OV.  for  FASCODb  is  indicated  on  the  figure  where 
nominally  DV  =  aV4.  All  calculations  are  performed  com¬ 
mencing  at  the  lowest  altitude  involved  in  the  problem. 
Consequently  the  sampling  interval  decreases  monotonically 
in  the  altitude  regime  for  which  collisional  broadening  pre¬ 
dominates  and  becontes  essentially  constant  at  altitudes  for 
which  the  Doppler  broadening  is  dominant.  This  method  of 


Figure  18-64.  The  foreign  density  dependent  continuum  values  C,  for  water  vapor  as  a  function  t>f  wave  number  The  experimental  values  arc  fn>m  Burch 
IIV8II 
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Fi|iire  Tlie  Voigt  wmMi  (HWHM I  *s  «  function  of  ihilude  forihe 

U  S.  Standard  Atmoiphere. 

performing  the  calculation  ensures  that  the  minimum  amount 
of  information  is  handled  at  any  given  stage  of  the  calcu¬ 
lation.  Figure  18-66  shows  the  Voigt  parameter,  as  a 
function  of  altitude  for  the  U.S.  Standard  Atmosphero. 

The  atmospheric  layering  is  performed  by  program 
FSCATM  (Gallery  et  al,,  I983|.  For  specihed  boundaries 
and  geometric  parameters,  the  program  computes  the  col¬ 
umn  densities  and  the  density  weighted  temperature  and 
pressure  for  each  layer.  Alternatively,  the  maximum  ac¬ 
ceptable  ratio  of  Voigt  line  widths  for  the  layer  boundaries 
and  the  maximum  temperature  differential  across  the  layer 
may  be  selected  to  perform  the  atmospheric  layering.  These 
two  parameters  arc  directly  related  to  the  accuracy  of  the 
radiance  and/or  the  transmittance  result. 

FASCODE  operates  in  either  of  two  nxxles:  optical  depth 
or  raOiance/transmittanCe.  In  the  optical  depth  mtxle.  the 
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Figure  The  Voigi  parameter  r  as  a  funelMHi  of  altitude  for  the  U.S. 

Standani  Atrmisphcrc. 


recursion  relation  for  the  accumulated  optical  depth.  K<. 
after  (  layers  is  expressed  as 

k,  =  K,  ,  -F  k,  (18.51) 

where  k(  is  the  optical  depth  for  layer  t  and  k„  =  0.  This 
relationship  is  implemented  layer  by  layer  to  obtain  the  total 
optica!  depth  fc."  the  path. 

For  the  radiance'transmittancc  mode,  the  radiant  inten¬ 
sity.  I,  (W  cm  -  sr  '/cm  ').  originating  in  layer  t,  is  ex¬ 
pressed  as 

I,  =  (I  -  T,)  B(T,).  (18.52) 

where  t,  is  the  transmittance  and  B  (W  cm  *  sr  '/cm  ')  is 
the  Planck  black  body  function  at  temperature  Ti  for  the 
layer.  Since  all  calculations  arc  performed  from  lower  to 
higher  altitudes,  different  recursion  algorithms  are  requited 
for  the  looking  down,  the  tangent  path,  and  the  looking  up 
geometric  situation.  For  the  looking  down  geometry,  we 
obtain  (he  recursion  relation  for  the  contribution  of  the  curr 
tent  layer  (  to  the  upwelling  radiation  as 

I.  =  T,  I,  ,  -F  (I  -  T,)  B(T,)  (18.53) 

with  the  condition  that  I,.,  the  boundary  radiance,  is 

=  f.,  B(T.,).  (18.54) 

where  T„  is  the  boundary  temperature  and  e„  the  boundary 
emissivity.  The  transmittance  relationship  for  this  case  be¬ 
comes 

7*#  *  T|  T#  I  ,  (18.55) 

where  T,  is  the  total  transmittance  after  layer  f . 

For  tangent  path  geometry  with  .lymmetry  about  tlie 
tangent  height,  we  obtain  the  recursion  relations 

I,  =  T,  I,  ,  -F  (I  -F  T,  r.  ,)  (I  -  T,  ,)  (B(T,) 

(18.56) 

for  the  radiance  with  l„  =  0  and 

r,  =  T,  r,  ,  (18.57) 

for  the  transmittance  with  T,,  =  I .  This  algorithm  for  the 
tan¬ 
gent  path  case  Involves  only  a  single  |ine-by-line  calcula¬ 
tion  for  each  layer  and  enables  this  case  to  be  handled  consis¬ 
tently  with  the  other  cases,  that  is.  the  calculation  commences 
with  the  tangent  layer  and  pnK'eeds  to  higher  altitudes. 

For  kxiking  up  geometries,  the  recursion  relation  for  the 
downwelling  radiance  is 

I,  =  I,  ,  +  T,  I  (I  -  T.)  Bit,  I  (IS. .58) 
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with  I„  =  0  and  .tor  the  transmittance 

T,  =  T,  ,T.  ,  (l« 

with  r.  =  I .  These  alsiorithnis  arc  implenK'nted  laser  by 
layer  starting  with  the  initial  layer  at  the  lowest  altitude  and 
priKcedine  to  the  higher  altitude. 

In  Figure  IH-h7  we  show  the  compariMmola  F.ASCODH 
calculation  with  experinK'ntal  results  obtained  by  Rice  and 
Ade  IRice  and  .Ade.  I'<7‘}|  in  the  millinKter  spectral  region. 
The  data  wea*  taken  with  an  intert'eronKter  measuring  the 
downwelling  radiance  at  the  ganind  t'a'im  which  atmospheric 
transmittance  was  interred  The  calculation  was  performed 
with  a  two  layer  atnvisphea*  and  the  water  amount  given 
by  the  nK’asua'd  amount  tor  the  Rice  and  Ade  experiment. 
In  Figure  I8-6X  we  show  the  a*sults  tor  a  titleen  layer 
calculation  with  a  geometry  in  which  the  observer  is  at  KM) 
km  looking  through  a  15  km  tangent  height.  Figure  IK-b*) 
shows  an  expanded  view  of  thi;  Q  branch  region  shown  in 
Figure  18-68.  The  radiance  calculation  is  plotted  in  terms 
of  csiuivalcnt  black  btxJy  temperature. 

18.4.2  Broad-Band  Radiation 

Band  models  assuirnr  an  array  of  lines  having  chosen 
intensities,  half-widths,  and  spacings  which  can  be  adjusted 
to  represent  the  molecular  line  struciuic  in  some  part 
of  a  real  band.  For  a  particular  band  rmxlel.  the  mean  trans¬ 
mittance  can  be  represented  by  a  mathematical  expres¬ 
sion  t  transmittance  function)  expressed  in  terms  of  pressure, 
temperature  effective  path  length  (or  absorber  concen¬ 
tration).  and  one  or  more  frenuency  dependent  absorption 
coeflicients. 

Several  band  models  have  been  developed  {see  Gixxly. 
I<#5:  and  1964;  KIsasser.  1942.  Plass,  1958;  King.  1964; 
and  Wyatt  et  al..  I964|;  the  FIsasser  and  CioiKly  models 
being  the  mtist  well  known.  The  FIsasser  band  model  con- 
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IH-67  SfXMfdl  tr:inNn»>t!.invc  mfenvki  Inmi  j  radunce  measure- 
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data  of  Ricc  and  Ade  1  ,ind  the  coniintaHJs  curse  is 
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sists  of  an  array  of  equally  spaced  identical  lines  of  Lorent/ 
shape.  This  tTH<del  h  is  been  applied  to  absorption  bands  that 
have  a  regular  line  structure,  for  example,  to  some  bands 
of  CO:.  N:0.  CO.  CM,,  and  O-.  Tlv  CKXxly  nuKlel.  on  the 
(Mhcr  hand,  assunurs  that  the  band  is  composed  of  spectral 
lines  with  an  exponential  intensity  distribution  and  with 
random  spacing  between  lines.  Again  the  lines  are  assumed 
to  have  a  tairent/  shape.  Iliis  model  has  generally  bc*cn 
applied  to  bands  that  have  an  irregular  line  structure,  for 
example,  some  tl.-O  and  Ot  hands. 

in  practice  the  wavelength  dependent  absorption  coef¬ 
ficients  are  detemtined  for  each  absorbing  gas  separately 
using  lahoratirry  transmittance  values  measured  under  known 
conditions.  The  absorption  ciK'fficients  obtained  in  this  way 
are  then  used  in  the  band  naxlel  transmittance  function  to 
determine  the  average  transmittance  for  each  absorber  as  a 
function  of  frequency  fur  other  values  of  path  length  and 
pressure.  Finally,  the  total  mean  transmittance  for  molecular 
absorption  is  given  by  the  pnxluct  of  the  mean  transmit- 
tances  of  the  individual  absorbers  at  each  frequency. 

Exact  analytical  expressions  have  beer,  obtained  for  most 
of  the  hand  rmxlels.  However,  they  are  sometimes  difficult 
to  use  and  simpler  approximations  have  been  fiHind  to  apply 
in  two  limiting  conditions  common  to  all  band  models. 
Those  simpler  expressions  are  the  well  known  "weak  line” 
and  “stn>ng  line"  appnrximations  Isee  Gorxly.  1964.  and 
Plass.  1958!  for  which  the  transmittance  is  a  function  of  the 
absorber  amtrunt.  and  the  pnxfuct  of  the  pressure  and  ab¬ 
sorber  annvunt.  respectively  (for  a  given  temperature). 

The  weak  line  approximation,  which  corresponds  to  the 
exponential  law.  is  valid  when  the  abriorption  is. small  at 
the  line  centers  (generally  for  high  pressures  and  low  ab¬ 
sorber  amounts).  Unfortunately  this  case  is  rarely  applicable 
to  conditions  existing  in  the  terrestrial  atmosphere.  The  strong 
liiK  approximation  is  applicable  where  the  lines  are  com¬ 
pletely  absorbing  at  their  centers;  the  effect  of  increasing 
the  amount  of  absorber  is  then  conhned  to  the  edges  or 
wings  of  the  lines.  The  regions  of  validity  of  the  strong  and 
weak  line  approximation  for  the  FIsasser  and  Gixxly  mixlels 
are  discussed  by  Plass  j  !958|.  For  practical  purposes  most 
problems  fall  in  either  the  strong  line  approximation  region 
or  the  intermediate  region. 

In  the  LOWTRAN  bund  model  discussed  in  the  follow¬ 
ing  section,  empiricartransmiitance  functions  for  H.-O.  Oi. 
arid  the  cimibincd  contnbutions  of  the  unifonnly  mixed  gases 
have  been  determined  from  laboratory  and  calculated  trans¬ 
mittance  data.  Over  a  wide  range  of  pressures  and  absorber 
amounts,  the  enipirical  transmittance  functions  were  found 
to  give  better  agreement  with  laboratitry  and  calculated 
transmittance  data  than  the  commonly  used  band  mixlels. 
An  excellent  review  of  the  l.OW  TR.AN  mtxlcl  and  other 
band  ithhIcIs  is  given  in  l.a  RtKca  ( 1978|. 

18.4.2.1  Bntad-hand  Transmission  (I.OWTR.AN).  The 

lOWTR.-XN  mixlel  vvas  developed  to  provide  a  fairly  ac¬ 
curate.  simple  and  rapid  means  of  estimating  the  transmit- 
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tance  and  background  radiance  of  the  earth's  atmosphere  at 
moderate  resolution  (20  cm  ')  over  a  broad  spectral  interval 
(350  to  40  (XX)  cm  ' ).  The  model  was  derived  using  a  single 
parameter  hand  model  for  molecular  absorption  and  includes 
(he  efects  of  continuum  absorption,  molecular  scattering, 
aed  aerosol  extinction.  It  is  based  on  an  empirical  graphic 
p  rediction  scheme  of  transmittance  using  strmc  techniques 
originally  suggested  by  Altshuler  |l%l).  The  prediction 
scheme,  derived  from  laboratory  transmittance  measure¬ 
ments  complemented  by  line-by-line  transmittance  calcu¬ 
lations  was  reported  |)y  McClatchey  et  al.  1 19721  and.  sub¬ 
sequently.  together  with  atnurspheric  models  developed  into 
the  OKKlel  and  computer  cixle  LOWTRAN  ISelby  et  al.. 
1972;  1975;  1976;  I97H;  and  Kneizys  et  al..  1980;  I983|. 
The  model  contains  representative  (geographical  and  sea¬ 
sonal)  atmospheric  models  and  leprcscntative  acnrsol  models 
with  an  option  to  replace  them  with  user  derived  or  measured 
values  and  computes  atmospheric  transmittance  or  b<«h  at¬ 
mospheric  transmittance  and  radiance  for  any  given  sla.it 
path  geometry. 

18.4.2.2  A.s.suinp(kMis  of  the  LOWTRAN  Model.  The 

basic  a.ssumptions  made  in  the  LOWTRAN  M<xl?l  are  as 
follows: 

1.  The  atiiHisphere  can  be  represented  by  a  33  layer 
model  between  sea  level  and  100  km.  Each  m<xlel  atmo¬ 
sphere  contains  the  variation  of  pressure,  temperature,  water 
vapor,  and  ozone  with  altitude.  A  mean  nitric  acid  prot.lc 
is  incorporated  into  the  model.  It  is  assumed  that  the  mixing 
ratios  of  CO..  N^O.  CIL,  CO.  O..  and  N.  remain  constant 
with  altitude.  Each  layer  is  assumed  to  be  in  thermal  equi¬ 
librium. 

2.  Refraction  and  earth  curvature  effects  are  included  in 
the  calculation  of  absorber  aniiHints  for  slant  atmospheric 
paths. 

3.  The  average  transmittance  over  a  20  cm  '  interval 
(due  to  molecular  absorption)  can  be  represented  by  a  single 
parameter  empirical  transmittance  function.  The  argument 
of  the  transmittance  function  is  the  pnxiuct  of  wavenumber 
(or  wavelength)  dependent  absorption  coefficient,  and  "an 
equivalent  absvirber  amount"  for  the  atmospheric  path. 

4.  The  total  transmittance  at  a  given  wavenumber  av¬ 
eraged  over  a  20  cm  '  interval  is  given  by  the  product  of 
the  average  iransmittances  due  to  ti.olecular  absorption,  mo¬ 
lecular  scattering,  aerosol  extinction,  and  continuum  ab¬ 
sorption.  It  is  further  assumed  that  the  miilecular  absorption 
is  composed  of  four  components,  namely  the  separate  trans- 
mittances  of  water  vapor,  ozone,  nitric  acid  and  the  uni¬ 
formly  mixed  gases. 

5.  The  variation  of  aerosol  optical  properties  w  ith  alti¬ 
tude  is  modeled  by  dividing  the  atmosphem  into  four  height 
regions  each  having  a  different  type  of  aerosol  The  aerosol 
models  for  the  lower  atmosphere  tRTR.‘\L.  URB.AN.  M.AR- 
n  IME  and  TROPOSPHKRICi  are  given  as  a  function  of 
relative  humidity.  Radiation  and  advection  fog  ntodels  are 
also  included. 


6.  Atmospheric  and  earth  radiance  arc  calculated  by  a 
nunnerical  evaluation  of  the  integral  form  of  the  equation  of 
radiative  transfer.  The  emission  from  aerosols  and  the  treat¬ 
ment  of  aemsol  and  m<)lecular  scattering  are  considered  oiily 
in  the  zeroth  order. 

18.4.2.3  LOWTRAN  Atmospheric  Transmittance.  In 
the  LOWTRAN  nuxlel.  the  total  atmospheric  transmittance 
at  a  given  wavenumber  averaged  over  a  2v>-cm  '  interval  is 
given  by  the  product  of  the  average  transmittances  due  to 
molecular  band  absorption,  molecular  scattering,  aerospl 
extinction,  and  molecular  continuum  absorption.  The  mo¬ 
lecular  band  absorp*ion  is  composed  of  four  components, 
namely  the  separate  transmittances  of  water  vapor,  ozone, 
nitric  acid  and  the  uniformly  mixed  ga.ses  (CO;.  N2O.  CH4. 
CO.  O;  and  N;). 

The  average  transmittance  t  over  a  20-cm  '  interval  (due 
to  molecular  absorption)  is  represented  by  a  single  parameter 
model  of  the  form 

f  =  f(C,  tu»DS)  (18.60) 

where  C.,  is  the  LOWTRAN  wavenumber-dependent  ab¬ 
sorption  coefficient  and  lo  *  is  an  “equivalent  absorber  den¬ 
sity"  for  the  atmospheric  path  DS  at  altitude  z.  defined  in 
terms  of  the  pressure  P(z.).  temperature  T(z).  ccmcentration 
of  absorber  w  and  an  empirical  constant  n  as  follows 


where  P..  and  T„  correspivnd  to  STP  (I  atm.  273  K).  If 
Equation  (18.61)  is  substituted  in  Equation  (18.60)  and  n 
is  set  to  zero  and  unity  respectively.  Equation  (18.61)  reverts 
to  the  well-known  weak-line  and  strong-line  approximations 
common  to  most  band  mvxlels. 

The  form  of  the  function  f  and  parameter  n  was  deter¬ 
mined  empirically  using  both  lalx)ratory  transmittance  data 
and  available  molecular  line  constants.  In  both  cases,  the 
transmittance  was  degraded  in  resolution  to  20  cm  '  throughout 
the  entii'e  spectral  range  covered  here.  It  was  found  that  the 
functions  f  for  H  .O  and  the  combined  contributions  of  the 
uniformly  mixed  gases  were  essentially  identical,  although 
the  parameter  n  differed  in  the  two  cases.  Mean  values  of 
n  were  determined  to  be  0.9  for  H:0.  0.75  for  the  uniformly 
mixed  gases,  and  0.4  for  ozone. 

Figure  18-70  shows  the  LOWTRAN  empirical  trans¬ 
mittance  functions  defined  by  Equation  (18,60)  versus  the 
log,,,  of  the  effective  optical  depth  (C,.  o)  *  DS).  The  solid 
function  shown  is  used  for'  water  vapor  and  the  uniformly 
mixed  gases.  Thi!;  dashed  function  is  applicable  to  ozone. 

.Absorption  coefficients  lor  water  vapor,  ozone,  and  the 
combined  effects  of  the  uniformly  mixed  gases  are  included 
as  data  for  LOWTRAN.  The  absorption  coefficients  for 
water  vapor,  ozone,  and  the  uniformly  mixed,  gases  arc 
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Hgvic  18-70.  LOWTRAN  empincal  truuinininc«  functkm  wms  Ut|M 
of  die  effective  apace]  depth  (C,m*DS). 


shown  in  Figures  18-71,  18-72  and  18-73  for  the  spectrri 
region  from  350  to  5C00  cm"'. 

18.4.2.4  LOWTRAN  Atmospheric  Radiance.  Ihe 
LOWTRAN  model  and  code  also  calculate  atmospheric  and 
earth  radiance.  A  numerical  evaluation  of  the  integral  form 
of  the  equation  of  radiative  transfer  is  used.  The  emission 
from  aerosols  and  the  treatment  of  aerosol  and  molecular 
scattering  is  considered  only  in  the  zeroth  order.  Additional 
contributions  to  atmospheric  emission  from  radiation  scat¬ 


R|itre  18-72.  AbiorpaaacaeflK;iettC.faroxonefroni3S0loS000cin''. 


tered  one  or  more  times  are  neglected.  Local  thermodynamic 
equilibrium  )'•  assumed  in  th6  atmosphere. 

The  average  atmospheric  radiance  lover  a  20-cm‘'  i.n- 
terval)  at  the  wavenumber,  v,  along  a  given  line-of-sight  in 
terms  of  the  LOWT  RAN  transmittance  parameters  js  given 
by 

l(v)  *  J^dT.  B(v,  T)t  -I-  BIv,  Th)  T  r.  (18.62) 


HRVENUMBER  (CM-1)  ■  HRVENUMBER 


Figure  18-71  Absorption  coefficient  C.  for  water  vapor  from  3S0  (o  3000  Figure  18-73  Absorption  coefficient  C.  for  the  uniformly  mixed  gases 

cm"'.  from  .350  to  3000  cm  ' . 
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whcfc  the  integni  repiesents  the  atmospheric  contribution 
and  the  second  term  is  the  contribution  of  the  boundary, 
(for  exampie.  the  surface  of  the  earth),  and 

f.  »  average  transmittance  due  to  absorption, 
f,  »  average  transmittance  due  to  sctttering, 
f,  »  f.  f.  ^  average  total  transmittance, 

Tf,  *  average  total  transmittances  from  the 
observer  to  boundary, 

B(v,T)  »  average  nanck  (blackbody)  function 
cofiesponding  to  the 
fluency  v  and  the  temperature  T  of 
an  atmospheric  layer. 


HDVCNUnBdt  ICN~t) 


Tb  »  temperature  of  the  boundary. 

The  emissivity  of  the  boundary  is  assumed  to  be  unity. 

The  numerical  analogue  to  Equation  (18.62)  has  been 
incorporated  in  the  LOWTRAN  model. 

18.4.2.5  Examples  of  Transmittance  and  Radiance 
Spectra.  Some  examples  of  transmittance  and  radiance 
spectra  obtained  from  the  LOWTRAN  model  are  presented 
in  Rgures  18-74  through  18-77. 

Figure  18-74  shows  the  transmittance  from  ground  to 
space  from  0.25  to  4pm.  This  calculation  used  the  U.S. 
Standard  model  atmosphere  and  the  rural  aerosol  model  with 
a  23-km  met.  range. 

Figure  18-73  shows  the  variation  in  transmittance  in  the 
spectra)  region  between  400  and  4000  cm*'  for  the  rural, 
maritime,  urban,  and  tropospheric  aerosol  .nodels.  The  cal¬ 
culation  is  for  a  lO-km  horizontal  sea-level  path  using  the 
U.S.  Standard  model  atmosphere  and  a  23-km  meteorolog¬ 
ical  range. 

Figure  18-76  shows  the  transmittance  of  the  two  fog 
models  in  LOWTRAN  for  a  0.2-km  horizontal  sea-level 
path  and  a  I -km  meteorolcgical  range  in  the  spectral  region 
from  400  to  4000  cm"'. 

Figures  18-77  a  ar.d  b  show  the  transmittance  an<l  ra¬ 
diance  spectra  for  a  vertical  path  at  0°  zenith  angle  looking 
to  space  as  a  function  of  observer  altitude  (0,  20  and  40 


lUBVtLENGTH  (fim) 


Figure  18-74.  Transmittance  spectra  for  a  venical  path  from  ground  to 
space  from  0.25  to  4  (s.  using  the  niral  aerosol  model.  23- 
Im  VIS  and  the  U.S.  Standard  Model  Atmosphere. 


Figure  IS-75.  Tianunittance  spectra  for  a  lO-km  hoiizoaul  path  at  sea 
level  for  the  turd,  maritiine,  uihan.  and  hopospherk  aer- 
'  oaol  models  using  the  U.S.  Standard  Model  Atmosphere 
Md  a  VIS  of  23  km. 

km).  This  calculation  for  the  spectral  region  f:cm  400  to 
4000  cm~'  used  the  rural  aerosol  model  (23  km  met.  range) 
and  the  U.S.  Standard  model  atmosphere. 

18.4.2.6  Comparisons  of  LOWTRAN  with  Measure¬ 
ments.  Comp^^s  of  LOWTRAN  with  measurements 
are  presented  in  Figures  18-78  through  18-87.  Figures 
18-78  and  79  show  transmittaiKe  comparisons  of  LOW¬ 
TRAN  with  laboratory  measurements  of  Burch  et  al.  ( l%2) 
for  some  important  water  vapor  and  carbon  dioxide  ab¬ 
sorption  bards. 

Figure  18-80  shows  a  transmittance  comparison  with  a 
sea-level  measurement  by  Ashley  et  al.  (1973)  (General 
Dynamics).  The  mei-surement,  made  with  an  interferometer 
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Figure  18-76.  Transmittance  spectra  for  the  advection  fog  "'ng  I)  and 
the  radiation  fog  (Fog  2)  models,  for  a  0.2-lu’:  :  raual 

path  at  sea  level,  with  the  U.S.  Standard  M.  .,  v  > 
phere  and  a  l-knt  VIS.  from  400  to  4000  cm". 
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Ficurr  IM-77  TransmitiarKC  and  radiance  spectra  for  a  vertical  path  Uiok- 
inglospjcefnimHI  (HI  -  0.  20  km.  40  km.  H2  ^  100 
km.  ANGLF  “  O’")  the  rural  aen»sol  nKxJel  (IHAZE  =  I. 
VIS  =  2.1  km)  and  the  U  S.  -Standard  Atmosphere 
(MODI-I.  ■-  6i  from  400  to  4000  cm (e)  transmitlarKe, 
(h)  radiarK'e. 


ol  4  cm  '  resolution  from  1 .8  to  5.4  ji.ni.  is  for  u  I  .■?  km 
seu-lc\cl  hori/onl;il  pulh. 

Figure  18-81  shows  a  comparison  with  Chanev  11%9| 
of  the  calculated  upward  atmospheric  radiance  and  an  in¬ 
terferometer  measurement  from  a  balloon  Might  over  north¬ 
ern  Nebraska.  The  measurement  was  taken  at  a  Moat  altitude 
of  .^4  km.  The  calculated  radiance  used  the  midlatitude 
winter  nuxiel  with  a  2}  km  met.  range  and  a  ground  tem¬ 
perature  of  2811  K 

Figure  l8-;-;2  shows  a  comparison  of  an  interferometer 
measurement  made  from  the  Nimbus  .f  satellite  |('onrath  et 
al  .  I')7(i]  looking  down  over  the  (iulf  of  .Mexico  with  the 
calcul.ilcd  almosphciK  radiance.  The  resolution  of  the  in- 
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Figure  18-78.  Representative  absorpliw  curves  for  the  6.3  }im  H2O  Band. 


terferometcr  was  5  cm  '  as  compared  to  the  20  cm  '  reso¬ 
lution  of  LOWTRAN.  As  shown  in  Figure  18-82.  two  the¬ 
oretical  models  (tropical  and  midlatitudc  summer)  were  used 
for  comparison  and  arc  displaced  two  divisions  above  and 
below  the  measured  radiance  for  clarity.  Both  models  as¬ 
sumed  a  2.^  km  met.  range  and  used  the  terhperature  at  0 
km  in  the  model  atmosphere, us  the  boundary  temperature. 

Figure  18-8.1  shows  the  comparison  of  atmospheric  ra- 
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Figure  18-79  (‘(tniparistin  l.OWTR.AN  culculutitms  and  Bureh  ct  al  \  19621 
calculalu'ns  for  O):  hands  al  4..^  )uni  and  l.‘>)jim 
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Figure  !8-80.  Comparison  between  LOWTRAii  and  General  Dynamics  measurements;  range  =  1.3  km  at  sea  level 
-  LOWTRAN 


Figure  18-81.  Comparison  between  LOWTRAN  prediction  and  University  of  Michigan  balloon  measurement  of  atmospheric  radiance  over  notthem 
Nebraska. 
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Figure  18-82.  Comparison  between  LOWTRAN  prediction  and  NIMBUS  3  satellite  measurement  of  atmospheric  radiance  over  the  Gulf  of  Mexxo. 


diance  as  seen  from  space  between  the  LOWTRAN  cal¬ 
culation  and  measurements  from  the  Nimbus  4  satellite  |Ha- 
nel  and  Conmth.  1970]  for  three  different  geographic  locations. 
The  spectra,  obtained  with  a  Michelson  interferometer  of 
resolution  2.8  cm  ',  we'e  measured  over  the  Sahara  Desert, 
the  Mediterranean,  and  the  Antarctic.  The  calculated  LOW¬ 
TRAN  radiances  used  the  midlatitude  winter  model  and  a 
ground  temperature  of  320  K  for  the  Sahara,  the  midlatitude 
winter  model  and  a  ground  temperature  of  285  K  for  the 
Mediterranean;  and  an  arctic  w'nter  cold  mcxlel  taken  from 
the  Handbook  of  Geophysics  attd  Space  Environ/nents  [Cole 
et  al..  1965]  and  a  ground  tempe.'ature  of  190  K  for  the 
Antarctic  comparison.  Al!  three  calculations  assumed  a  23 
km  met.  range  for  aeroso*-. 

Figures  13-84  througii  ’7  show  comparisons  of  calcu¬ 
lated  and  observed  atmospheric  spectral  radiance  versus 
wavelength  in  the  8  to  M  pm  spectral  region.  The  meas¬ 
urements  were  made  on  a  balKxin  High:  launched  from  Hol¬ 
loman  AFB.  New  Mexico  by  Mureray  et  al.  |I977|  Uni¬ 
versity  ol  IX’nver  The  instrument  used  for  these  observations 
was  a  grating  spectrometer,  operated  in  the  first  and  second 


order  of  the  grating.  The  resolution  was  0.03  pm  in  the  8 
to  14  pm  region.  The  data  m  these  figures  are  presented  as 
a  function  of  altitude  and  as  a  function  of  zenith  angle.  The 
LOWTRAN  radiance  calculation  used  the  pressure,  tem¬ 
perature.  ozone,  and  nitric  acid  profiles  from  the  Mureray 
report,  and  the  midlatitudc  winter  water  vapor  profile  con- 
t3ine'3  in  LOWTRAN. 

18.4.2.7  FJmitations  of  LOWTRAN.  The  overall  ac¬ 
curacy  in  transmittance  from  LOWTRAN  is  better  than  lOf? . 
The  largest  errors  may  ix'cur  in  the  distant  wings  of  stiongly 
absorbing  bands  in  regions  where  such  bands  overlap  ap¬ 
preciably.  The  reason  for  this  error  is  twofold.  First,  the 
LOWTRAN  spectral  coefficients  are  based  on  a  single  ab¬ 
sorber  parameter  and  cannot  be  defined  for  a  wide  range  of 
atmospheric  paths  without  some  loss  in  accuracy. 

Secondly,  the  transrhittance  in  the  window  regions  be¬ 
tween  strong  bands  generally  lies  in  the  weak  line  approx¬ 
imation  region  where  the  transmittance  is  a  funclion  of  the 
quantity  of  absorber  present  and  not  of  the  product  of  ab¬ 
sorber  amount  and  pressure.  The  one-dimen'^ional  prediction 
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- MURCRAY  ET  AL.  HOLLOMAN  AFP.  NEW  MEXICO, 

19  FEBRUARY  1975 
- LOWTRAN 


Figure  IH-87.  Sample  spectrum  of  short  sbavelength  regum  observed  at 
an  altitude  of  24  0  km  and  a  renith  angle  of  6.V  on  19 
Fcbni?fy  1975  and  LOWTRAN  compariscKi. 


for  multiple  scattering  events  increases  with  increasing  op¬ 
tical  thickness  t  =  k,  ■  x  (see  Kquation  ( 18,21  )|.  Van  de 
Hulst  1 1 957 1  states  that  ifthe  optical  thickness  t  <  0.1  single 
scattering  prevails,  tort).  I  <  t  <  0..^  a  correction  for  dou¬ 
ble  scattering  may  be  necessary.  For  still  larger  values  of 
the  optical  depth  the  full  complexities  of  multiple  scattering 
have  to  be  considered. 

Monographs  by  Chandrasekhar  1 1950|.  .Sobolev  |  I97.S|, 
and  van  dc  Hulst  |I980|  arc  classical  references  on  theorv 
and  approaches  to  radiation  transfer.  Recent  reviews  of  mul¬ 
tiple  scattering  have  licen  presented  by  Hansen  and  Travis 
|I974|.  Herman  et  al.  |1978|,  and  by  the  Radiation  Com¬ 
mission  of  the  International  Asstviation  of  Meteorology  and 
Atmospheric  Physics  (IAMAP/RC(  ILcnoble.  1977  and 
Fouquart  et  al..  1980). 

The  basic  radiative  transfer  equation  in  a  scattering  at- 
nKtspherc  defining  the  diffuse  radiance  I,,  can  be  written  as 


dl,/t„.  (i.  4))  ,  .  '  , . 

p. - — -  =  - 1, it,.,  p.  «}>)  +  p  4>) 


dt., 


(18  ft.il 


mittance  decreases  toward  zero  but  the  uncertainty  in  the 
absorptance  (or  radiance)  incmascs. 

Additional  constraints  on  N>th  the  validity  of  the  mrxJcl 
as  well  as  the  range  of  applicability  are  introduced  for  at¬ 
mospheric  radiance  calculations.  As  nK'ntioncd  above,  the 
atmospheric-  radiance  becomes  less  accurate  for  very  short 
paths.  In  addition,  the  radiance  calculations  assume  ItK-al 
thermodynamic  equilibrium  exists  in  each  layer  of  the  model 
atmospheres.  This  assumption  will  break  down  for  ladiancc 
calculations  in  the  upper  atmosphere. 

For  the  siiorter  wavelengths  (<5  pm),  scattered  solar 
radiation  becomes  an  impc.rtani  source  of  background  ra¬ 
diation  This  contiihution  for  radiance  calculations  al  the 
shorter  wavelengths  with  a  sunlit  atmosphere  would  add  to 
the  ainv.rsphcric  radiance  e.ileulaiion  using  the  i.OWTR.AN 
model  Single-scattered  solar  and  lunar  radiation  has  been 
addc*d  to  the  latest  I.()\XTR.AN  niotiel  |Kiiei/vs  et  a!  .  I98.^| 


18.5  RADIATION  TRAN.SFER  BY 
ATMOSPHERK  SC  A TTERINO 

18.5,1  Vlultiple  .Scaltering 

Seatu  .'ine  ol  visible  am!  mlrared  radiation  occurs  in  the 
atmosphi  re  h\  nr  inoleeules.  ha/e  particle^,  and  water  drop¬ 
lets  in  t'le  air  i^ee  Sections  !K  1.4  and  IK  2).  .Scattering 
efiecis  'roni  nii'lectiies  ami  aerosols  are  additive  Multiple 
scatteri  ig  os  curs  sshen  scatlered  iighl  undeigocs  suhseqiteni 
scaltenng  on  other  particles  or  molecules  The  probability 


where  the  source  term.  J„.  is  given  by 

K  =  f  f  P„tp.<{>;p'.  6')  Ml,.,  p'-  4>')dp  d6' 
4n  Jo  J  I 

■+  ^  a>,.(t,.)P,ap.<|)‘.p.. .<!>,.)  expt  -  t,,/p„)F,., 

4 

+  11  -  .T)  (18  W) 

and  where  (he  following  notation  is  used: 

t,.  =  optical  depth 

k.iz)  =  extinction  coefficient 

)  =  aibcdvi  for  single  scattering 

z  =  height 
p  =  ci>sW 

»  =  angle  between  a  given  direction  and 
the  direction  of  increasing  optical 
depth,  t  (that  is.  lovvanls  the  gnHindi 

«f>  =  azimuth  angle 

P.lp.fb.  p’.  «t>')  -  phase  function  defining  the  lunclmn 
of  the  light  incident  at  p'.  4)'  which 
is  scattered  in  the  direction  p.  <t> 

B.it.Ti  -  Planck  blackbody  function  at 
temperaUire  I . 

■irF,.,  -  solar  irradiance  perpendicular  to  the 
direction  of  incidence,  (p..  <h..l 


18-53 


CHAPTER  18 


The  fipit  term  on  the  right  side  of  Equation  (18.63)  is  the 
energy  lost  fwm  the  beam  of  ri.diatioii'traveling  in  the  di¬ 
rection  (gi.  <1>).  This  loss  is  die  to  either  absorption  or 
scattering  out  of  the  beam.  The  (Ceond  term  (known  as  the 
source  term)  represents  the  diffiise  radiation  contributed  tt 
the  direction  (p.,  6)  by  scattering  piiKCsses  or  self  emissioc 
by  the  atnKispherc.  This  strurce  term  is  expanded  in  Equation 
(18.64)  into  three  components  (in  order);  the  diffuse  radia¬ 
tion  scattered  into  tl.e  beam  from  other  directions,, the  direct 
sunlight  scattered  into  the  beam  direction  (p.  <t>).  and  the 
thermal  radiation  emitted  oy  the  atmosphere  at  frequency 
V.  For  simplicity,  the  frequency  e  will  be  omitted  in  sub¬ 
sequent  equations.  However  it  should  be  kept  in  mind  that 
these  equations  only  apply  to  spectral  intervals  sufficiently 
narrow  that  the  atmospheric  absorption  and  scattering  pro¬ 
cesses  do  not  change  signiticanily  with  wavelength. 

The  full  radiative  transfer  Equation  (18.63)  with  the 
source  term  as  in  Equation  (18.64)  is  too  cumbersome  to 
solve  in  general.  However  for  most  scattering  problems  in 
the  earth's  atmosphere,  there  is  a  natural  separation  of  the 
parts  of  the  source  term.  In  the  temperature  region  of  interest 
for  the  earth's  atmosphere.  B,.(t.Ti  contributes  only  in  the 
longwave  region  (infrared  and  beyond).  For  wavelengths 
less  than  3  to  4  pm.  generally  the  thermal  radiation  Bi4t:T) 
can  be  neglected  compared  to  the  solar  irradiation  F„,.  and 
foi  longer'  wavelengths  F,.,  can  he  neglected  compared  to 
B..(t.T). 

Also,  for  the  longer  wavelengths  (greater  than  3  to  4 
pm)  scattering  is  negligible  ex;  pt  in  the  presence  of  clouds 
Or  fog.  These  cases  where  the  sourec  term  is  limited  to  the 
thermal  radiation  B,.(t.T)  are  discussed  in  Section  18.4.  Sec- 
tic«ns  18. .3. 2-18. .5. 4  will  fiK’us  on  the  solution  to  Fa^uation 
(18.63)  when  the  thermal  radiation  can  be  neglected  al¬ 
though  many  of  the  methods  of  solving  the  multiple  scac- 
tering  problem  (ian  easily  he  generalized  to  include  atmos¬ 
pheric  emission.  The  reduced  expression  for  the  source  term 
is  given  by 


Kt.p.ij))  = 


I*(t*.p.<|))cxp 


r  (t*  -  t)i 

1  w  J 

Ja^p.<b)exp  [-^i-j^‘]dt'. 


J  (t.p.rh). 


p<0  (t8.66a) 

p  =  0  (18.66b) 


r(0,p.*)exp 

+  ^/‘j(t'.p.4.)exp[-  ^^‘]dt'. 


p>0  (18.66c) 


where  t*  is  the  total  optical  depth  of  the  atmosphere  and 
where  I  lt*.p.<)>)  for  p  <  0  and  I  ‘(O.p.6)  for  p  >  0  (de¬ 
noting  (he  upward  radiance  at  the  ground  and  the  downward 
radiance  at  the  top  of  the  atmosphere  respectively)  are  spec¬ 
ified  by  the  boundary  conditions;  At  the  ground,  the  up- 
welling  radiance  is  related  to  the  downward  radiance  by  an 
appropriate  surface  reflection  law  (see  Section  18.3).  and 
at  the  “top"  of  the  atmosphere  the  downward  diffuse  radi¬ 
ance  l*(0.p.il>)  for  p  >  0  is  usually  taken  to  be  zero  (that 
is.  the  downward  radiance  at  the  top  of  the  atmosphere  is 
due  only  to  the  incident  sunlight).  The  formal  solution 
(Equation  (18.66)1  does  rnH  completely  solve  the  radiative 
transfer  equation  since  J  is  defined  in  terms  of  I  (Equation 
(I8.65)|.  However  it  is  used  in  the  development  of  several 
of  the  methixis  discussed  below. 


18.5.1.2  Method  of  Successive  Orders  of  Scattering. 

The  metlnxJ  of  successive  orders  of  scattering  expands  the 
radiance  as  (see  e.g.  Dave.  I%4.  1965.  or  Irvine.  I%5| 


uKt)  r-"  r  ‘ ' 

J(t.p.<i>i  = - I  I  P(p.(b;p'.<li'lli(.p'.  <h')dp'd<h' 

4it  J"  J  1 

<i>(t) 

+  --j- Pfp.<b;p,.<t>,.)exp( -t,/p,.lF.,.  (18.65) 

The  phase  function  P  used  here  is  a  weighted  average  of 
the  phase  functions  for  molecular  scattering  and  aentsol 
scattering  discussed  in  .Sections  18.1,4  and  18  2.1.5  re¬ 
spectively.  The  weights  are  proportional  to  the  scattering 
cixrfficients  for  scattering  by  air  molecules  and  by  aerosol 
particles. 


«r 

I(t.)A.d>)  =  2  (18.67) 

where  I'"'  is  the  part  of  the  radiance  scattered  exactly  n 
limes.  I"”(i.p.6)  is  found  by  evaluating  the  formal  solution 
(Equation  ( 18  66l|  using  J  =  J'"'!t.p.<i>)  which  is  given  by 
Equation  (18  65)  with  I  =  I'"  ‘‘and.  starts  with  I""  =  0. 
This  nK’ihod  has  the  advantage  of  easily  handling  vertically 
inhomogeneous  atmospheres.  The  main  disadvantage  is  that 
the  computation  time  becomes  very  long  as  m  approaches 
1.0  (absorption  becomes  weak)  or  a.s  the  optical  depth  be¬ 
comes  large. 


18.S.I.I  Formal  Solution  to  the  .Multiple  Scattering 

Problem.  The  lormal  solution  to  the  radiative  transfer  I8.5.’.3  (iaus.s-Seidel  Iterative  Method.  The  Gauss- 
equation  is  given  by  Seidel  iterative  method  originally  developed  by  Herman  and 
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Browning  1 1965|  and  mhers  |Davc  and  Ga/dag.  I970|  alsu 
starts  with  Equations ( IK. 65)  and  ( IK.66).  Here  they  initially 
assume  I  -  It  and  nunu’r'tally  integrate  Equation  (IK  66t 
for  small  steps  At  for  downward  radiances  (p.  >  0)  until 
they  reach  the  ground.  They  then  integrate  stepwise  from 
the  ground  back  to  the  top  of  the  atmosphere  using  the 
downward  radiances  just  calculated  for  the  integral  in  Equa¬ 
tion  ( IK. 65).  The  priKess  is  then  repeated  until  the  solution 
converges.  Recently  Herman  et  at.  II9K0|  improved  the 
computation  speed  by  approximating  Kl.pi.d))  by  polyno¬ 
mials  in  t  which  allowed  the  use  of  larger  step  sizes  At  for 
optically  thick  atmospheres. 

18.5.1.4  The  Matrix  Operator  or  Layer  Adding 
Methods.  The  radiative  transfer  problem  has  been  solved 
by  using  different  formations  of  the  matrix  operator  or  layer 
adding  techniques  reviewed  by  Plass.  et  al.  (I973|.  One  of 
the  first  applications  to  light  scattering  in  the  atmosphere 
was  tl.e  doubling  method  discussed  by  van  de  Hulst  in  an 
unpublished  report  in  l%3  and  later  used  by  him  and  others 
|e.g.  van  de  Hulst  and  Grossman.  I96K;  van  de  Hulst, 
1971 1.  Hansen  |l%9a  and  b|  has  developed  a  modified 
version  of  this  method  and  used  it  extensively  (Hansen. 
1971a  and  b;  Hansen  and  Pollack.  I970|. 

An  equivale.it  prixredure  was  independently  developed 
by  Twomey  eJ  al  ,!I966|  and  has  been  used  by  them  to 
study  multiple  scattering  of  light  (Twomey  et  al..  I967|.  A 
similar  approach  has  been  formulated  by  Grant  an<j  Hunt 
II96K.  1969a.  b|  baMtd  tm  ir  variance  printioles  (Chandra- 
sekhai.  I950|  and  the  discrete  space  theory  (Preisendorfer, 
l%5|.  They  have  applied  this  matrix  operator  mettuxi  to  a 
variety  of  problems. 

If  we  consider  a  plane-parallel  medium  of  optical  depth 
t  and  an  incident  radiation  field  l,„.(0.  gi'.  <t)').  (0  s  jt' s  I), 
it  is  convenient  to  intrixluce  a  scattering  funetkm  S  (t;  p. 
d>,  gi’.  «b')  and  a  transin  ssion  function  T  it.  g,.  <t>.  g'.  <!>') 
(sec  CtiatidrjseKhar.  I950|.  Then  the  angular  distribution 
of  the  reflected  and  transmitted  light  will  'x:  given  by 

tO.fi.ibi  = 

t)  ir  -  \  (IX  hXal 

l„,,..(t.|i.*i  = 

X  X  Tti;n.4..p  .<b')  l,.,((l.|i'.*  )d<t.  d)i' 

1  ^  p  &  0  (IK  6Kb) 

The  basic  principle  of  the  layer-adding  methods  is  that  given 
the  scattering  functions  S(t))  and  .S(l..)  and  transmission 
function  T(t|)  and  lit-)  ol  two  layers,  it  is  possible  to  find 
Stt,  +  t.)  and  T(t|  +  td  for  a  combination  of  the  layers 


in  terms  of  the  scattering  and  transmission  functions  for  the 
individual  layers.  For  a  homogenous  atmosphere,  it  is  most 
efficient  to  start  with  t|  =  t^  =  fii.  where  tn  is  small,  and 
build  up  to  t  =  2’’  t,i  in  p  steps,  by  a  doubling  prtKedure 

The  Neumann  scries  rncthod  (iteration  in  orders  of  scat¬ 
tering  (sec  Irvine,  l%S(  has  been  used  to  find  S(t<,)  and 
T(t,))  for  t,,  =  0, 125  by  van  de  Hulst  and  Grossman  ( 1%K| 
and  Irvine  ( l96Kb|.  Hansen  started  with  an  initial  optical 
thickness  of  to  2  ’’  where  he  could  approximate  S(ti,)  and 
T(t(,)  by  the  appropriate  expressions  for  single  scattering. 

The  formalism  developed  by  van  de  Hulst  and  Han.sen  has 
only  been  applied  to  radiation  emerging  from  an  atmosphere 
and  in  its  present  form  cannot  be  used  to  calculate  the  radiation 
within  an  atmosphere.  The  approach  developed  by  Grant 
and  Hunt  overcomes  this  drawback  by  incorporating  an 
algorithn)  for  determining  the  radiances  between  the  layers 
used  in  the  calculation.  However,  this  can  be  quite  time 
consuming  for  a  number  of  different  depths.  The  advantage 
in  computation  time  is  also  weakened  if  the  approach  is  ex¬ 
tended  to  vertically  inhomogeneous  atmospheres. 

18.5.1.5  Monte  Cario  Technique.  The  Monte  Carlo 
method  basically  utilizes  a  random  walk  approach,  follow¬ 
ing  a  large  numbCk  of  photons  in  turn  as  they  scatter  through 
tf.e  atmosphere  until  they  are  absorbed  or  emerge  from  the 
atmosphere.  This  procedure  was  first  extensively  applied  to 
the  study  of  light  in  the  atmosphere  by  Collins.  Wells,  and 
their  as.sociates  (Collins  and  Wells.  1965;  Thompson  and 
Wells.  1971;  Collins  el  al..  1972.  Blatiner  et  a!..  19741. 
Subsequently,  Plass  and  Kattawar  |l96Ka.  196Kb  &  I972| 
have  independently  developed  a  Monte  Carlo  type  of  pnt- 
gram.  The  Russian  work  in  this  area  is  covered  in  the  mocMv 
graph  by  Marchuk  el  al.  1I9K01. 

The  major  advantage  of  the  Monte  Carlo  approach  is  its 
great  flexibility.  It  can  allow  for  all  of  the  complicatio.-i's  of 
a  realistic  atmosphere  usually  neglected  by  other  meihiHls'. 
these  include  the  spherical  nature  of  the  atmosphere,  mo¬ 
lecular  band  nxxlcl  type  absorption,  and  horizontal  inhomo¬ 
geneities.  The  major  drawback  is  that  the  errors  in  the  cal¬ 
culations  are  proportional  to  N  '  where  N  is  the  number 
of  photons  counted.  This  means  that  to  increase  the  accuracy 
by  an  order  of  magnitude,  the  number  of  photons  followed 
(and  the  computer  tinae)  must  be  increased  by  two  orders 
of  magnitude. 

18.5.1.6  Discrete  Ordinates.  One  of  the  best  known  so¬ 
lutions  of  the  transfer  equation  is  Chandrasekhar's  (19501 
method  of  discrete  cuordmales.  Here,  the  phase  function  is 
expanded  as  a  scries  of  spherical  harmonics; 

s 

P  ((!.,  *,  p.'.  *’)  =  2  12  -  8.,„,) 

m  ’  »» 

X  X  uir  P?'  (plPTllilj  cos  m(6’  -*). 


(1K.69) 
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where 


0.  m  *  0 

I.  m  =  0 


and  the  P,"  an.’  asMK'iutcd  Ij.’j:cndrv  pohnomiaN.  Then  the 
radiance  is  expanded  in  a  cosine  senes,  leading  to  the  fol¬ 
lowing  system  of  equations: 


dl"'(t.gi» 


I  "w  r  * ' 

+  r  X  <**"’1*.  I  I"' it.gL  tP.'iji  Klgi' 

~  .  m  J  ' 

I  " 

-- K.i2  -  X  p."iML.  » 


when; 


m  =  0.  I.  .  .  .  N.  tIK  7ili 


I  It.  |t.  dkt  -  I"' It.  |tl  cos  m  xh..  -  <h(.  tlH.7|( 

Ml  O 


AlliT  suitable  niampul  iiKms  and  evaluation  of  the  integral 
in  Kqualion  (18  7(11  by  (iaussian  quadralun;  of  onJer 
n(4n  '  2N  -■  1 1.  hqualion  ( 18  7(l|  is  mplaced  by  a  system 
of  linear  differential  equations  in  lemis  ol  I '"■’(i.  gi,i.  whea* 

ji,  (i  =  f  I.  rZ. . t  Ni  aa*  the  quadraiua*  points 

This  system  of  equations  can  K‘  evaluated  quite  reailily  .  In 
principle,  as  N  (and  ni  — •  *.  tbs’  solution  beoMiKs  exact 
VaiitKjs  loritis  ol  (his  apposKi*  lu^c  l■ccu  usc‘d  bv  Saoiu- 
elson  |l‘»h7  aat  l')is'»|  I.hhi  lliftfl;  Shcttle  and  (irecn 
I  IV74|.  Stanines  and  Swanson  |  IW8|  |.  anJ  Stamnesand  Dale 
11^811 


18.5.1.7  Doderalim  Approach  to  Kadialixr  Transfer 
IDARIi.  a  dillercnt  discrete  stream  approach  has  been 
developed  by  Whilrx’s  |l‘»72.  |'»74|.  arxl  Whilney  and 
Maicbow  |l‘f78|  Ihis  approach  apipears  lo  have  consider¬ 
able  potential  especially  for  problems  requiring  consicK’r- 
Btion  of  the  curved  geometry  ol  (he  earth's  a(iin>spbcre  such 
as  observations  ot  the  earth's  hmb  or  twilights  This  nw- 
thod  has  several  import.int  corKcptual  differences  from  the 
disca’te  'rdinate  or  Iwo  stream  and  multichannel  nK’thods 
discussed  elsewhere  in  this  section  I  he  DART  iiKrthiHl 
achieves  disea-tion  by  angular  integration  of  the  radiance 
I  in  a  given  direction,  f.  with  a  cosine  to  the  n'*’  power 
weighting  funciion' 


(p  fl"l(fldj| 


(IK  72) 


where  p  f  is  the  dot  product  of  the  unit  vectors  p  and  f 
and  .Sp  is  a  radiation  sireani  whose  nominal  propagation 


dircetion  is  fi.  Application  .of  *his  integral  operator  to  the 
radiative  transfer  equation  leads  to  a  system  of  linear  dif¬ 
ferential  equations  in  lemts  of  the  streams.  Sr.  in  the 
In  +  iMn  -f  2)  different  directions  p. 

For  n  =  2,  there  are  12  streams  that  can  be  arranged 
to  be  centered  on  the  faces  of  a  regular  d*Hlecahedn»n.  This 
arrangement  minimi/es  the  number  of  different  scattering 
angles  that  must  he  considered.  Whitney  has  used  her  do- 
dccaton  appniach  in  combination  with  exact  single-scatter¬ 
ing  calculations  and  has  usc’d  the  shape  of  the  single-scat- 
tenng  results  to  estimate  the  multiple-scattered'radiances  in 
directions  «8her  than  for  the  12  streams. 

Whitney  has  compared  the  comptrtation  speed  of  her 
DART  iiieilHid  will)  Ilk.-  Monte  (7.uhi  lechn ique.  which  is 
the  only  iKber  nk’thod  that  has  been  applied  to  radiative 
transfer  calculations  in  realistic  spherical  ainkisptk'res.  .She 
found  the  DART  nwlhtid  to  he  considerably  faster,  althtnigh 
it  is  hard  to  )udgc  how  much  faster  because  of  the  differences 
in  computers  and  programming  languages  and  the  question 
of  whether  more  angles  and  phvKon  hisr<«fi,*%  than  necessary 
were  Used  lor  »he  Monte  Carlo  calculation  In  a  comparison 
with  other  nk-thods  such  as  spherical  harmonic  or  main.. 
operator  for  a  honvvgenevHJs  plane-parallel  atn-iosplwre  |Len- 
oblc.  I977|.  the  DART  method  appeared  to  be  sKiwer  and 
less  accurate. 

The  pnnriry  advantage  of  the  DAR  T  nk’thod  is  its  ap¬ 
plicability  to  a  spherical  geonk’try  with  reasoruble  accuracy 
and  computer  time.  It  is  not  as  advantagetkis  for  plane 
parallel  geometries  i>r  irradiance  calculations 

18.5.1.8  Splirriral  Harmonic  Method.  The  develop- 
nx’nt  ot  tik’  sphc-riv  il  hamkHiic  nk‘th>id  gik’s  hack  half  a 
century  |Jeans.  |q|7  arki  haldiiigtoii.  I'f2(»j.  h*>wever,  il  has 
K’en  used  more  widely  fi’r  neutron  trans-xtrt  pniblems  In 
iccen;  years,  n  has  begun  lo  be  used  more  b*r  aliik*sphenc 
light  v-altering  pmblems  (for  example.  Devaux  and  Her¬ 
man.  IU7I.  Canosii  aikl  Penaliel.  IV7,t.  Dave.  l‘f7Sa.b.  and 
Karp  c1  al  .  I‘f8|  i  l.ike  the  discrete  ordinate  nk-th«<d.  the 
sphencal  hannonic  inelhiHl  evpamtv  the  phase  liinclion  as 
a  sum  ol  aswvi.iled  I  egeniliv  fkilynomial  |TquatHio  1 18  Wil 
However,  it  dillers  Iron)  the  discrete  ordinale  iik'thod  in 
that  the  radi.inte  is  also  expanded  in  a  senes  ol  sphencal 
hannon’cs  h.quivalenily .  the  Fourier  components  I"  arc- 
expressed  as  an  expansion  ol  Legendre  luiKl.ons 

I"  It.  pi  -  V  r;  (ii|»  (pi  1 18  7t| 

<  <« 

Subsiituting  l-.quaiion  |J8  7,f)  allows  the-  integrals  in  La^ua- 
lion  (18  '/Ol  to  be  evaluated  analyluatly  using  (he  orthog¬ 
onality  ol  the  Legendre  lunclions.  Alter  additional  mantp- 
ulalions  ol  ihe  eqtialions.  a  linear  sysieni  of  tirsi  order 
differential  equation,  for  the  ('',"(1)  is  obiaineil. 

Ihe  major  advantage  ol  the  spherical  harmonic  mclhiHl 
is  that  il  can  giv  c  the  radiances  at  ill  depths  in  ihc  atmosphere 
and  not  only  those  emerging  from  ihc  aimosphcrc.  Those 
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liming  conipurisons  muJc  with  other  mcthtxJs  (the  inalrix 
«>peraU)r  method,  suece^xive order* ol' scattering,  ami Oauss- 
Seidel  iteration)  lend  to  fasorthe  spherical  hannonic  method 
|see  l.cm>hle.  I‘J77|.  especially  lor  cases  vshere  (he  sun  is 
directly  overhead  and  :he  a/imuthal  symmetry  allows  the 
system  of  hquation  (IX  70)  to  he  limited  to  m  =  0.  The 
disca'te  ordinate  HKMhod  should  be  comparable  i«»  the  spher¬ 
ical  harmonic  iiK'lhod  in  terms  of  computational  el  ite lencies. 
The  primary  disadvantage  of  these  methods  is  that  the  com¬ 
putational  load  increases  w  ith  the  number  of  terms  kept  in 
the  expansum  ttf  I  and  P  (or  the  asymnK’try  of  the  phase 
function  used):  alvi.  the  rtiJiance  values  calculated  from  the 
basic  stiluium  often  have  appreciable  osciliations  about  the 
exmect  solutam  unless  some  sm-mlhing  piocess  is  used  |{>ave 
and  Armstrong.  1074  ttr  Karp.  10X1 1. 

18.5. 1.9  .Small-Angk  ApproximaliutLs.  When  light  is 
scattered  by  a  particle  whose  diiiK-tisio  is  are  larger  than  the 
wavelength  of  the  incident  radiation,  it  is  diffracted  in  a 
narrow  forward  cone.  It  is  this  sharp  dil fraction  peak  that 
greatly  increases  the  difticuliy  of  solving  the  multiple  scat¬ 
tering  by  imreasing  the  number  ol  angles  required  to  eval¬ 
uate  the  integral  in  Kqualum  (IX  6^1  Komamiva  1 1062  and 
I06t|  has  developed  a  prtvedure  in  whreh  she  separates  the 
radiame  for  the  siiull-angle  scattering  I  from  the  rest  of  the 
radiance- 

lit.  II.  6i  -  it’,  gi.  <t>i  i(t.  M.  <t>i  (IK  74) 

and  wilves  for  I  exactly  Tf<e  rest  of  the  radiation  field  (ll 
can  then  be  found  from  a  moditicd  form  of  the  transfer 
equation  Irvine  |l*r6Xa  and  b|  has  made  a  comparisim  of 
Komanova's  approach  with  Neununn  senes  and  a  doubling 
procedure  and  coiKluded  that  her  method  gives  radiance 
accurate  to  at  least  X'; 

Weinman  ll'HJil  dcvclo|vd  all  api-f.iacli  in  which  the 
dilfraction  peak  of  the  phase  lufK'lHm  was  represented  by  a 
(iaussian  dotnbulion  arnl  the  rest  of  the  phase  lurKtHm  b\ 
a  l-egendr.'  cxpanMon  Me  (hen  sofve-d  lor  the  small  angle 
scattering  I.  using  a  Neumat.ri  Milulion  It  was  posetbie  to 
do  the  integration  analytic  alls  because  of  the  use  ol  ihe 
( lauscian  distnbutiofic  The  large  angle  cc.iltenng  I  was  then 
tournl  by  applying  the  discrete  coordinate  solution 

Potter  I  I07tl)  .ipproximalcd  the  lorward  peak  as  a  Ibrac 
c elta  distribution  lie  li.en  eonsickTcd  this  t<»rward-'c altered 
ridiation  as  not  King  scattered  at  all  but  as  pari  of  the 
tiansmitted  radiation  ami  used  a  liirmated  ph.isc*  tiimtion 
This  nceessitaled  a  rescaling  ol  the  scaltcring  coellic  ;ent  and 
correspondingly  .  the  ontieal  depth  .  ml  the  alK'do  for  single 
sc.Kler,  the  rescaling  depc'iiding  on  'he  Ir.ielion  of  radiation 
inchKied  in  Ihe  lorward  peak  that  vas  eliminated  Mis  ap¬ 
proach  gave  i)iMic  giml  results  ex>  epi  in  Ihe  immediate 
vicinitv  ot  the  diffraction  pc-ak  in  contrast  with  Weinman's 
approach  which  is  most  accurate  for  the  ditfraelion  peuik. 

W  isc'oniK’  1 1 ‘>77 1  discusses  the  delta  M  Melhin!  which 
provides  a  systematic  procedure  for  repre'cnling  the  phase 


function  as  the  sum  of  a  Dirac  dcitu-fum'tion  and  a  Lx'gcndre 
expansion  (with  2.M  terms).  This  is  a  generalization  of  the 
approach  for  the  delta-Kddiiiglon  Approximation  IJoseph  :t 
al..  I‘>7b|.  Potter  |N7(I|  had  basically  just  truncated  the 
phase  function  by  eye.  McKeliar  and  Box  1 19X1 1  have  pro¬ 
vided  a  discussi.m  show  ing  the  relationship  between  these 
della-lum'tion  approximations  and  the  necessary  rescaling 
of  the  transfer  equation,  with  other  scaling  laws  am)  simi- 
laniy  relations  used  in  radiative  transfer  theory. 

18.5.1.10  Appinximalioas  of  Irradiance.  Several  dif¬ 
ferent  nwihi  Ais  of  calculating  radiam'es  w  ithin,  or  emerging 
from,  a  scaitghng  ainHisphere  have  been  disc’jsscd.  W'lKn 
interest  is  mainly  in  the  irradiahees  F.  less  accurate  solutions 
of  the  transfer  equation  can  be  used  because  Ihe  errors  may 
cancel  out  in  averaging  the  radiances  over  a  hemisphere 

Kit)  ~  J  J  P-lll.  P.  ^XhWfi  I IX. 7.5) 

where  p  '  0  corresponds  to  F  i  and  p  <  0  to  F  f  .  Often 
It  IS  dequalc  to  have  Ihe  irradiam-es  ciunpuic’d  ai'ciiralely 
to  a  lew  percent,  such  as  calculating  heating  rates  iir  the 
irradiame  imidenl  al  the  ground.  .Several  approx  i  mat  urns 
lor  irr.k)iam'es  often  used  are  basically  simpliheaimns  of 
the  closely  related  discrete  ordinate  and  spherical  harnumK 
methods  discussed  above  When  cimsidenng  the  irradiame. 
oiily  the  lirq  term  im  =  D)  in  Ihe  eiwine  expansuin  of  the 
radiame  m  Fa^uati-m  ilX  71)  must  hr  imluded.  sim'c  the 
higher  orxkr  terms  drop  out  in  doing  the  a/imuihal  or  ib 
integration  in  Fcfuation  i  IX  7.‘i|.  The  most  common  ire  Ihe 
Fddinglon  approxinution  I  Irvine.  |9hXh,  Shcflte  ami  Wein¬ 
man  )‘>7i»j  sarwHis  fomHilalwms  of  ih'  "two  stream  "  ap- 
pn>ximalH<n  K'hu  and  Churehill.  IWSS.  Sagan  and  tVdlaek. 
1967.  (  .Mkley  and  (Tiykk.  I975|.  the  delta  Fddinglon  |Jo 
sepbci  al  .  '97hj.  and  the  delia-lwo-siream  (Schallei.  I979| 
approxim.ilM>ns  These  have  bexn  JiscussevI  apd  unified  in 
the  siudc.'s  by  Meador  &  Weaver  |  |9X()1  and  by  Aiunkowski 
ct  al  I  |als«>  sex  W  iscombe  &  (irams.  l'>7h  a.-.  J  W  elch 

&  /dunkowski.  I‘JX21 

Th.y  sh'wed  that  the  dillerent  FddmgUon  and  two-stream 
aprroximalmns  all  reduce  the  radiatise  lr.inslct  cxjualion  to 
a  pair  ot  cmpled  dillerential  equations  lor  the  upwclling 
ami  downwelline  ii riKliances 


7i  F  *  ‘  y.  FT  ♦  IT  y,  evpi  I  p  i  f  , 

I IX  7hai 


T  F  1  7i  F  t  -  IT  y,  expt  t/p,  )F,.. 

I  IS  76hl 


where  the  values  ot  the  y,  depend  on  the  choice  of  approx¬ 
imation  used. 
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I8.S.I.II  Approximations  for  the  RadUince.  The  dif¬ 
ferent  approaches  to  solving  the  radiative  tiansfer  equatiim 
described  aN)ve  generally  must  he  st>lved  numerically  on  a 
computer  and  permit  tradeoffs  between  the  accuracy  of  the 
solution  and  the  computer  memory  and  tinK.  These  methods 
in  principle  can  be  made  arbitrarily  accurate  by  increasing 
the  number  of  terms  kept  in  the  expansions  t  such  as  Equation 
(IH.fW)  or  EquatUm  (18.711).  by  decreasing  the  step  sire 
used  in  numerically  evaluating  any  necessary  integrals,  or 
by  increasing  the  number  of  photon  histortis  following  the 
Monte  Carlo  Methixl. 

There  are  als4>  several  techniques  |Kau  man.  1979;  Dav¬ 
ies.  1980.  and  Hering.  198 1 1  developed  for  solving  the 
transfer  equation  which  are  aimed  at  retaining  reasonable 
accuracy  ( 10*!}  H>  20*4 1  for  the  radiance  held  while  mini¬ 
mizing  the  computer  time  requinrmcnis.  These  mednxis  have 
a  commonality  in  'that  they  all  use  one  «>f  the  two- 
stream/Eddington  type  solutions  for  the  radiances  to  allow 
the  integral  in  Equation  ( 18.65)  to  he  evaluated  atulytically. 
They  differ  in  the  details  of  the  solution  beyond  that  point; 
for  example.  Davies  |I9X0|  and  Hering  1 19811  tritli  ex¬ 
plicitly  utclude  the  exact  single  scattered  radiances  in  their 
solutions  whereas  Kaufman  |i979|  does  not. 


18.5.2  Background  (Sky)  Radiance 

Atmospheric  scattering  of  solar  radiation  is  responsible 
for  the  skylight  For  a  puiC  molecular  atmosphere,  aiulytic 
solutions  were  given  by  Cools.vn  ct  al.  1 1960)  They  provide 
tables  of  sky  radiaiwe  and  polarization  including  the  Stokes 
parameters  Sins-e  then .  mu.-b  effort  has  been  put  into  tie- 
veloping  capabilities  to  calculate  and  mtxlcl  sky  radiarure 
for  real  aerosol  containing  atmospheres  These  attempts  were 
hosed  on  the  different  calculation  mcthisis  ha  radiative  uansfet 
discussed  in  the  prevHius  section  The  intensity,  wave¬ 
length.  and  polari/alKin  of  skylight  have  hecn  studied  oscr 
the  decades  to  also  derive  information  on  atmospheric  acr- 
ostvls 

Ftir  some  applica;a»ns.  simnlifving  ascumptions can  lead 
m  useful  results  As  long  as  onlv  single  scattenng  is  im 
pi'rtant  and  a  IwMiHigcneous  atmi>spherv  is  assumed  lacnv 
sol'air  mixing  rat’o  constant  with  hcightl.  the  angular  di.- 
iributKin  of  skylight  al  a  specific  wavelength  can  he  ohtainc'd 
simply  from 

B(M,  M  .  Mti 


. ) 

\M  M  / 

V  )  1. 

where 

l„  =  extraterrestrial  solar  irradiance  (W  cm  ’) 
B  =  sky  radiance  (W  cm  '  sr  ') 
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M  =  secant  of  the  solar  zenith  angle  H,. 

M'  =  secant  of  the  line  of  .sight  angle  B 

t  =  tiMul  optical  thickness  per  unit  air  mass  (scattering 
and  absorption  by  molecules  and  aerosols 

U  =  scattering  optical  thickness 

Ft'!')  =  angular  scattering  intensity  (molecular  +  aerosol) 
per  unit  air  mass 

The  scattering  angle 't'  is  detined  by 

cos  ♦  =  cos  Bi,  cos  8  -  sin  sin  8  cos  (<h  -  «|>u) 

where  6  -  is  the  angular  azimuth  difference  between 
(he  sun  direction  and  (he  line  of  sight.  However,  if  (M  or 
tM'  becomes  larger  than  0. 101  higher  order  scattering  can 
no  longer  be  neglected;  this  means  that  illumination  of  the 
scattering  volume  fnim  the  sky  afid  the  earth's  reflecting 
surface  becomes  increasingly  important  Higher  order  scat- 
irrinf.  he-  i<,ncs  dominant  f.ir  tM  or  tM'  0.5.  particularly 
for  high  grt'und  alheslo.  This  is  particularly  true  for  the 
radiation  leaving  ihe  top  of  the  atmosphere  (radiation  to 
space).  The  assumption  of  a  hsimogencous  (constant  mixing- 
ratio)  atmosphere  is  usually  not  valid  and  leads  to  errors. 

The  most  recent  rcvisHm  of  the  LOV»TRAN  transmit¬ 
tance  radiance  cosfcs.  L05VTRAN  6,  |Kneizys  el  al..  I983| 
contains  a  subroutine  which  performs  solar  (or  lunar)  single 
scattering  sky  radiance  calculation  for  eithefr  the  atmospheric 
models  built  ihto  LOWTRAN  or  any  user  provided  atmos¬ 
pheric  data  with  nsmhivmogeneous  vertical  profiles.  Since 
LOViTRAN  also  allows  a  s  ulation  of  thermal  emitted 
rHtiaiHvn  from  atmosphenc  ni..«eculcs.  the  continuity  from 
visible  scattered  In  infrared  thermal  emitted  sky  radiance  is 
provided  in  LOWTRAN  for  any  lookangic,  up-  or  down¬ 
ward  One  must  always  keep  in  mird  that  single  wjllcring 
calculations  underestimate  sky  radians'es;  for  a  scattering 
optical  depth  of  less  than  0  7.  the  ratio  ol  multiply  ti»  single 
radialHHi  is  in  i>cnerdl  less  than  1 .5.  SmgV  scattenng  is  a 
gtwid  approx irmitKHi  for  kxikanglcs  near  the  sun 

IhsKcdures  lor  multiple  seattcimg  calculations  are  gen- 
erallv  linw  consuming  and  complex,  especially  for  cases  o', 
sirvmgly  anisotropic  aerosol  scailenng  Examples  of  .Monte 
Carlo  calc'ulaiions  for  the  distribution  ol  the  radiance  ot  the 
ha/y  atm*»sphc‘re.  seen  from  both  the  ground  and  from  space 
arc  sh<>wn  in  figure  i»-K8  |McC'lalchey  et  al  .  19'’2|  l>ilicd 
curses  of  the  radiance  (per  unit  solid  angle  ansi  unit  mciilent 
wilar  flux)  are  lor  the  sun  in  the  zenith  and  solid  lines  are 
for  the  sun  al  8  -  86  . V'.  In  Figure  l8-88a.  the  downward 
or  •'Iransmiilcd"  radiance  generally  increases  with  decreas¬ 
ing  wavelength  when  the  sun  is  in  the  zenith.  Forward 
scattering  causes  the  radiance  to  peak  neat  the,  sun  Near 
the  horizon,  the  radiance'  increases  again,  except  at  short 
wavelengths,  and  the  albedo  influence  is  large.  At  low  solar 
elevations,  downward  radiance  is  generally  much  smaller 
especially  near  the  zenith  at  long  wavelengths,  and  the  al- 
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m 


hctl«>  inftuetKc  i>  >ij:nihcanf  tdil)  ai  -h<  rt  naveSenathN  Since 
the  sk>  radiance  values  have  been  averaged  over  miervalv 
of  0  I  in  cos  H  (iha!  is.  over  angular  inter*  als  ranging  fnvm 
5"’  to  25'  I,  the  radiance  near  the  sun  actualK  shmjld  fjc  much 
higher  than  shiiwn. 

In  Figure  IH-KXh  upward  or  reflec:tcd  radiance  as  seen 
fnw  tHiistdc  of  Ihc  aimosphcie,  is  strongis  dependen:  on 
the  albedo  of  the  gnxind.  The  cootrihuiKin  of  rclkxied  gniund 
radiance  becomes  dominant,  especiallv  ip  the  near  infrared 
and  m  the  nadir  direction  where  the  atmospheric  backseat- 
lered  tluv  beconKs  small  This  eflect  w  ill  he  less  pronoun*  ed 
in  more  ha/y  atmospheres  The  distnbutuvn  of  sky  radiance 
in  the  ultraviolet  i'  dominated  by  multiple  scattering  and 
below  0  .15  pm  by  orone  absorption  A!  high  solar  eleva- 
lions.  downward  as  well  as  upward  radiances  at  (I  .10  pm 
are  only  about  of  their  respective  values  at  0  40  pm 

In  the  case  of  the  radiance  from  clouds,  see  Figure 
18-89  for  a  rather  dense  nimixistratus  (Kattawar  and  Plass. 


Nll»»OSTII«tuS  r  •- ^0.  •■0  r,w 


hipurc  IX  KU  Dounwurd  fai  and  upward  'bl  ra*liance  omipolcd  for  a 
dense  .Nimhosiraius  eitHtd.  Dislied  curses  are  for  rtic  sun 
in  the  renilh.  Solid  eur/es  i-c  for  the  sun  at  B  -  X6  ,V 


m 
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l%8|.  Aerosol  and  molecular  scaitering  have  been  ne¬ 
glected  IP  'his  model  because  (hey  would  have  little  effect. 
The  strong  downward  radiance  (Figure  l8-89a)  for  high  sun 
and  low  alhedo  is  largest  near  the  sun,  hut  with  high  albedo 
is  nearly  independent  of  the  angle  of  observation.  At  low 
sun.  the  much  smaller  cloud  radiance  i>^  largest  in  the  zenith. 
The  radiance  of  the  cloud  lop  (Figure  l8-89b)  again  is  very 
large  at  high  sun.  At  low  sun  there  is  little  discrimination 
between  a  cloudy  and  a  clear  sky  (sec  Figure  l8-88h.  X  =  0.7 
lem). 

Polarization  of  the  cloudless  sky  is  symmetrical  to  the, 
sun  meridian  and  varies  with  sun  elevation.  The  degree  of 
polanzafion  |sec  Hnuatiiw  (18  18)|  varies  from  0  to  as  miKh 
as  50  to  wy*  with  a'  masimum  around  90"  from  the  sun. 
Sky  light  polarization  decreases  with  increasing  aerosol  con¬ 
tent  in  the  atnwsphcrc. 

18.5.3  Illuminatice-lrnidiance 

The  irrailiance  at  the  earth's  surface  due  to  direct  sun¬ 
light.  diffuse  skylight,  moonlight,  starlight  and  airglow  var¬ 
ies  over  apprvivimatcly  nine  ludcrs  of  magnitude  (Figure 
18-901 

A  snll  frct|ucntl\  referenced  publication  on  natural  il¬ 
lumination  conditions  which  pn'vides  charts  for  predicting 
day  ansi  night  ttnx-  illumination  levels  is  a  rcfairt  by  Brown 
119.^2?  This  report  >s  alvi  included  as  an  appendix  in  a 
more  easily  ivbtaincJ  dssrument  by  Biberman  et  al.  (I9W>| 
on  the  same  \ubn-ci  Figure  1 8-9 1  gives  the  solar  spectral 
irratliarKC  curves  at  sea  level  ft>r  various  OjKical  air  masses 
The  t<*tal  vdar  plus  sky  iiradiarKC  at  the  surface  vanes  on 
a  clear  day  between  aNxit  •'  I  t('  I  l'^  kW  m 

A  considerable  amount  of  ilaia  on  total  inadiance  over 
the  whi-ic  solar  spectrum  dcps-ndence  on  time  of  day.  sea¬ 
son.  and  gci»graph:(  distribulion  has  been  accumulated  in 
the  literature  |fi'i  cvjrnpic  Robinson.  t9M>,  Schulze.  I970. 
SOlMfT.  lO-U! 

In  addition  to  js(roriomi;.«!  pa'amefers  such  as  sun  cl- 
evafi  sfi  i>r  mei'n  ph.jse  the  inadiansT  at  the  surface  depends 
largc'v  on  the  ..itrinospb..  fu;  s*'3tfcrn£  prop«-r?ies 

fne  rafto  ot  dittuv  sVshcht  to  dirs-i  sunbeht  chances 
from  aK>jt  (l  b  tat  a  sun  elevation  o!  Il<  I  to  <t  Hb  fw  ith  the 
sun  near  the  zenith •  for  /,  \erv  ha/\  atttHvsphen-  the  cor- 
resfS’fKiinc  ratios  u..>u!d  he'  hetwren  I  amt  <t.!  f  ('KhkIs 
may  redu-.e  the  total  ravliance  bs  as  much  js  ‘kKi  or  nrore 
fh’rint  resent  years  compiifct  pten'rarns  have  been  de- 
veltrpcd  at  scsstiiI  plarcs  to  calculate  illtiminatKc  levels  as 


, — . —  p;/ ,  sr.'v-;  _ _ .'.f.-'e*  rsr  leas'  s..i, : 


Figure  tX av)  Range  natural  irradiance  (esels. 


a  function  of  time  (day  and  night)  and  location.  Unfortu¬ 
nately  we  are  not  aware  of  any  that  have  been  published. 
Figures  18-92  and  18-93  are  extracted  from  the  report  by 
Brown  il9S2|  and  allow  an  estimate  of  the  natural  illumi¬ 
nance  levels  of  the  surface  during  day  or  night.  Figure 
18-92  shows  the  illumination  (fcKrtcandies)  as  a  function  of 
altitude  (or  elevation  angle)  of  the  sun  or  moon  and  Figure 
18-93  the  relative  intensity  of  moonlight  as  a  function  of 
the  phase  angle. 

It  should  be  pointed  out  that  except  for  extremely  renxRe 
regions  of  the  continents  night  time  illumination  levels  are 
always  more  or  less  affected  by  illumination  from  artificial 
lights,  especially  with  reflection  from  clouds  under  overcast 
conditions. 


18.5.4  Contrast  Transmittance-Visibility 

The  “quality"  of  any  image  is  largely  a  function  of  the 
contnLst  between  different  elements  in  the  image  scene. 
Several  deflniiions  fur  contrast  exist.  One  definition  fre¬ 
quently  used  IS  rntxluiation  contrast 

Max.  Brightness  Min.  Brightness 
Bnghtness  -i-  Min.  Bnghmess 

(18.78) 

Tne  contrast  between  two  elements  in  the  object  plane  (the 
inherent  contrast)  is  reduced  along  the  atmosphcnc  path  due 
to  scattering  and  turbulence  in  the  visible  and  due  to  ab¬ 
sorption  and  ihennal  atmospheric  emission  in  the  i.ifrared, 
In  a  transitional  spectral  region  alt  processes  may  he  oi’ 
imponance 

The  ■;  rent  contrast  in  the  image  plane  is  pniportioni) 
to  the  inlicrent  object  contrast  C,  =  C„  •  t,  where  t,  is 
called  coMrasi  transmittance.  If  the  spatial  rewluiHin  is  de¬ 
fined  as  inc  minimum  separation  between  two  object  scene 
elcmea’  ;*':it  tlic  receiver  ordeal  system  can  resolve,  it 
hecomes  vareni  that  spatial  resoh:iH>n  is  a  functMHi  of 
'atrr«>sphc'it  contrast  teduction 

The  con  rast  Iransmitlance  l<x  a  target  with  vinuwtidally 
Varying  twighlness  is  called  ttte  modulation  transfer  functHMi 
(MTFl  In  I  tur-HiIcni  atmospbere  I  see  als«t  Sectum  IK  7). 
the  MTF  dt  creast.'s  w  lih  increasing  spatial  frequency  of  the 
tibjeci  scene  fi*!  near  zero  spatial  frequencies,  turbulence 
phenomena  v  jnish  and  cOntiast  |i>ss  is  due  <»nl\  to  atmos- 
phenc  scattering  poxesscs  In  this  ea-e  the  apparent  raJi- 
aitcc  of  a  distan:  obicct  is  the  sum  o)  two  radiation  flux 
components  residual  image  (omiing  radiation  foim  the  ob¬ 
ject  after  propagating  through  the  atmosphere  and  radiance 
caused  by  scattenng  ol  amhient  light  mcidenl  on  the  optical 
path  into  (he  direction  of  the  receiver  This  second  quantity 
is  called  path  ntdiance:  it  obviously  dixs  not  contain  any 
information  ahoui  the  ohieci  scetK.  I>untlcy  ct  ai  1I9.S7| 
has  shown  that  if  the  contrast  is  defined  as 
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wavelength  (/ati) 

Ftya-r  Id  91  Solar  ^prctral  imdiaiKc  lUiw  a  ^ea  level  l<w  vamwv  optKal  a»  mavo  Tin-  vahit  the  M'lar  cmviaM  in  ihiv  i  ikulaHw  sa>  1 1’; 
Vk  m  (Mom  l<Mn[ 


^  _  (>^|ccl  iiHi'iaiKi:  ~  hav  kpruund  radiaiKO 

backgriHiml  radiaiKC 

(IK  7V» 

a  univerval  eonirast  trariNmitiancc  can  he  derived  av 


I 


trasi  IranMnillanvc  in  (>iiK  a  lunclnm  i>(  atnioNplKTic  and 
hackcround  prtijxTlieN.  mrt  (he  larect. 

WhcrcaN  ihc  path  ra<liaiK'e  in  the  viNihlc  Npeelruiit  in  due 
to  Nvatlered  radKilion.  the  phvNieal  pnveNN  pir  p.iih  r.idKincc 
in  the  inirared  in  ihennal  emitted  r.idialion  h\  each  path 
clenHrnt  Thlv  path  eniiNNjon  (n  a  fiinetion  i>t  the  aliiioNpherie 
conipoNilion  and  iin  eniittaree  and  a|Ni>  nl  the  teiiiperatiire 
of  the  path  element,  fhe  path  eniiNNion  In  related  to  the 
ahNorption  h\  Kirehhofl'N  law.  and  it  in  thoNe  eaVes  (and 
aeroNols)  ih^;'  ahvorh  iidrareil  radiation  that  aKo  emit  radi.i- 
tion. 


w-'herc  P  is  the  path  radiance.  N„,  the  mhea'iit  backcround 
radiance,  and  t  the  beam  transmittance.  The  universai  con- 
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Fi|!UfV  IK-'*"!  T*<jI  rjnt’c  »»t  lufurjl  iltumirulNm  Icm*K 


Rciluclion  tif  v:i.-nc  o>nlr.iNt  iliii'  lit  iUmnsphiTii.  '^■;illcr- 
\aric'  it'tr  urilcrv  i>l  maj;nitiKlc  ilcpi'nclini:  nn 

wa'clcni;lh,  ainio^phcrK'  lurhrclitv.  MUirci'-Nlant  path  cc- 
onK'lrv.  am)  L’rmiml  albedo 

higurc  IX-'>4  i;j\ev  the  iinivcr'al  conlrasl  transmission: 

^  .Ipl'.Mi  HI 

*.<  “ 

inhvisfH 


for  a  rcicivcr  liKaieil  on  top  ol  the  atmosphea’  looking 
straight  down  The  gtoend  albedo,  A  in  Kigure  IX-tfd  is  10. 
.'tt.  and  fi0'«  iground  aUx-do  is  the  ratio  of  total  incident  to 
total  reflected  raihancc  from  the  ground,  sec  Section  IX. .f) 
The  contrast  transmittance  is  shown  lor  two  different  at¬ 
mospheric  piinlels.  one  corresponiling  to  clear  conditions 
w  ith  2,'  km  surface  \  isibility.  and  one  for  a  ha/y  atnto  .phere 
with  km  visibility  on  the  ground.  The  figure  shows  the 
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Figure  18-93.  Relnivc  imenuty  of  (he  moon's  illumiivuion  as  a  function  of  phase  angle. 


dependence  of  t\  on  wavelength,  sun  zenith  angle,  and 
albedo.  The  results  of  these  rntxlcl  calculations  illustrate  the 
range  of  contrast  transmittance  values  that,  for  instanced 
will  have  to  be  considered  in  the  interpretation  of  imagery 
from  a  satellite  platform 

Figure  18-95  shows,  the  effect  of  diifercnt  types  of  aer¬ 
osols  on  contrast  transmission.  !.i  this  figure  the  ratio  of 
contrast  transmittaiKe  for  art  urban  versus  a  rural  acmsol 
fsee  Section  18. 2. 1.41  is  shown  under  identical  visibility  of 


RATIO  or  CONTRAST  TRANSMISSIONS 
URBAN  VS  rural  aerosol  MODE  L 


5  POLAR  VIEW  ANGLE 

s 


Figure  I8-9.S  Ratio  of  contrast  transmittance  t.  .  urban/r. ,  rural  for  an 
urban  vs  rural  aemvol  mcxicl  tn  cr  downwairl  U>okin«  paths. 
The  wavelength  is  0  .55  ^im,  the  surface  meteorological 
range  is  K)  km.  sensor  altitude  is  20  km. 
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10  km  for  various  sun  and  l(x>k  angles.  The  difference  in 
contrast  transmittance  is  due  to  the  different  scattering  prop¬ 
erties  of  the  two  aerosol  models. 

The  theoretical  determination  of  contrast  transmittance 
involves,  in  the  term  of  the  path  radiance  (Equation  ( I8.79)|. 
the  treatment  of  multiple  scattering.  Several  of  the  radiation 
transfer  computational  methods  described  in  Section  18.5.1 
have  been  used  for  path  radiance  and  contrast  transmittance 
modeling.  The  examples  given  in  Figures  18-94  and  18-95 
above  have  been  obtained  from  Monte  Carlo  calculations. 

Figures  l8-%  and  18-97  show  an  example  of  contra.st 
transmittance  and  derived  target  acquisition  ranges  that  were 
obtained  by  applying  the  delta-Eddington  method  (Hering, 
1981)  mentioned  earlier. 

.  A  special  case  of  viewing  an  object  through  the  atmo¬ 
sphere  is  the  viewing  of  objects  along  a  horizontal  path 
against  the  horizon  sky.  This  case  is  described  by  the  often 
quoted  (but  frequently  misunderstood)  Koschmieder  theo>7 


(Middleton,  1952).  jt  states  that  the  brightness  of  a  black 
object  Bh  at  distance  r  is  given  by 


Bh  =  Bh  (I  -  e 


(18.81) 


where  Bh  is  the  horizon  sky  brightness  and  tj  -  extinction 
coefficient.  If  one  assumes  (hat  (based  on  tests)  the  contrast 
threshold  necessary  to  see  the  object  against  the  background 
(Bh  -  Bh)/Bh  is  0.02,  the  limiting  visible  distance,  called 
meteorological  visible  range  becomes 

V  =  (18.82) 


It  must  be  pointed  out  that  this  relationship  is  based  on  the 
assumption  of  a  black  (dark)  object  of  an  angular  extent 
larger  than  a  few  minutes  of  arc.  Table  18-13  gives  (Hulburt, 


OBJFCT  ALTITUDE  -  SUZFACE 
SENSOR  altitude  -  6  km 
SOLAR  ZENITH  ANGLE  -  60* 

HA/F  LAYER  DEPTH  -  J  km 
WaVELEMJTH  -  550  nm 


OPTICAL  THICKNESS 
SURFACE  TO  SENSOR 
ALTITUDE 


COSINE  SOLAR  SURFACE 

ZENITH  ANGLE  REFLECTANCE 


SINGLE 

SCATTERING 

AITIEDO 


Figure  18-97.  Virialions  in  iargel  acquisilicm  range  (ccwitrasi  t.ansminance  i,  =  0. 10)  asfucialed  with  departures  of  selected  parametr.s  from  the  assumed 
reference  values.  The  horizontal  dashed  line  denotes  parameter  values  foe  this  reference  atmosphere  The  horizontal  bars  identify  a  change 
of  2  25“*  from  “he  slant  path  distance  where  T,  =  0.10  for  the  reference  atmosphere,  for  example.  15.5  S  3.4  km 


1941  or  McCartney.  I97f  •  the  intematioral  visibility  code 
and  corresponding  weather  condition,  meteorological  nnge. 
and  scattering  ctK'fficients.  Since  visibility  mark.s  are  gen¬ 
erally  not  black  and  often  their  angular  extent  is  small,  a 
threshold  contrast  of  0.05  gives  usually  a  better  definition 
for  the  meteorological  range.  Table  18-1.3  contains  both  the 
0.02  and  0.05  contra.st  threshold  scattering  coefficients.  In 
going  from  a  measured  scattering  to  an  expected  observed 
visibility,  the  assumption  of  an  0  (12  contrast  threshold  gives 
a  .30'S  highe'  visibility  than  0.05.  The  values  for  pure  air 
are  based  on  molecular  scattering  only,  for  air  at  standard 
conditions,  and  for  a  spectrally  weighted  average  wave- 
kTgth  for  daylight. 


18,6  ATMOSPHERIC  REFRACTION 

Changes  in  molecular  density  and  the  resulting  gradient 
in  'he  index  of  refraction  cause  the  bendirg  of  a  light  ray 
traveling  through  the  atmosphere  Over  li'Pg  paths  at  sunset, 
refraction  causes  such  phenomena  as  ihc  liattening  of  the 
solar  disc  and  the  "green  Hash."'  Strong  temperature  gra¬ 
dients  over  short  paths  are  responsible  for  siich  effects  as 
mirages  and  looming.  Microscale  arid  time  dependent  vari¬ 
ations  ot  the  index  of  refraction  cause  optical  turbulence 
and  scintillation  -  the  twinkling  of  tars.  This  sectior.  will 
consider  only  the  large  scale  efi-s's  of  refraction. 


18.6,1  Refractive  Bending 

In  a  spherically  symmetric  atmosphere,  a  light  my  fol¬ 
lows  the  path  defined  by  the  equation 

m(r)  X  r  X  sin  6  =  C  (18.83) 


where  m  is  the  atnxsspheric  refractive  index  (Section  18, 1 .3). 
r  is  the  radius  vccti'r  from  the  center  of  the  earth,  0  is  the 
angle  formed  by  the  ray  and  the  local  zenith  aitd  C  is  a 
constant.  The  radius  ot  curvature  R  ot  a  light  ray  is  given 
by 


2 

R 


I  dm 
m  dr 


sin  2G. 


(18.84) 


The  refractive  nxxlulus  N  (see  Equation  18,7.  Section  18.1.3) 
is  very  nearly  pnrportional  to  the  total  air  density  so  that  it 
can  he-  approxima'ed.  at  least  over  a  limited  vertical  range, 
by  an  exponential  of  :tie  form 

Nir)  =  N„e  ”  '  (18.85) 


where  N ,  is  the  valui-  of  N  at  some  reference  ladius  r,,  and 
H  is  the  scale  height  for  N.  In  this  ease 


-■  =  sin  0  il(  —  e  '  "  '  r  1 
K  \N„ 


(18.86) 
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Tabic  18-13.  International  visibility  code,  meterological  range,  and  scattering  coefficient. 


Meterological  Range.  R„, 

Scattering  Coefficient  a  (km"') 

Code 

No. 

Weather 

condition 

Metric 

English 

for  0,05 
contrast 

for  0.02 
contrast 

0 

Dense  fog 

<  50  m 

<55  yd 

>  59.9 

>  78.2 

1 

Thick  fog 

50-200  m 

55-219  yd 

59.9-15.0 

78.2-19.6 

?, 

Moderate  fog 

200-500  m 

.  219-547  yd 

15.0-5.99 

19.6-7.82 

3 

Light  fog 

500-1000  m 

547-1095  yd 

5.99-3.00 

7.82-3.91 

4 

Thin  fog 

1-2  km 

1095  yd-1.1 
naut.  mile 

3.00-1.50 

3.91-1.96 

5 

Haze 

2-4  km 

1. 1-2.2 
naut.  mile 

1.50-0.749 

1.96-0.954 

6 

Light  Haze 

4-10  km 

2.2-5.4 
naut.  mjle 

0.749-0.300 

0.954-0.391 

7 

Clear 

10-20  km 

5.4-11 
naut.  mile 

3.00-0.150 

3.91-0.196 

8 

Very  Clear 

20-50  km 

11-27 
naut.  mile 

0.150-0.060, 

0.196-0.078 

9 

Exceptionally  clear 

>  50  km 

727 

naut.  mile 

<  0.060 

<  0.078, 

— 

Pure  air 

277  km 

149 

naut.  mile 

— 

0.0141 

In  a  typical  case  from  the  US.  Standard  Atmosphere  1976 
for  a  horizontal  path  at  the  ground  (6  =  90°).  the  rat'o  of 
tho  radius  of  the  earth  n.  to  R  is  0. 16  at  3  ^JLm. 

Since  the  total  air  density  normally  decreases  with  al¬ 
titude.  light  rays  are  normally  bent  toward  the  earth.  How¬ 
ever.  density  inversions  can  occur  in  the  atmosphere,  typ¬ 
ically  as  a  thin  layer  above  a  strongly  heated  surface  such 
as  the  desert  or  a  road  surface.  In  such  cases,  light  is  bent 
Upwards. 

The  bending  tit  of  a  ray  is  shown  in  Figure  18-98.  where 
0  and  6  are  the  zenith  angles  of  the  ray  at  ri  and  r;  and  p 
is  the  earth  centered  angle,  and  ' 


i|/  =  'n--i-p-0-<t)  (18.87) 

The  bending  along  a  path  can  be  calculated  by  integrating 
one  of  the  following  equations: 


dr 


Itane 


dll)  _  r 

dp  "  R 

dll)  _  sin  0 

ds  “  7r 


(18.88, 


where  S  is  the  distance  along  the  curved  path  from  some 
point. 

The  total  bending  for  various  paths  through  the  atmo^ 
sphere  is  shown  in  Figures  l8-99a.b  and  18-100.  Figure 


Figure  18-98.  Geometry  of  the  refracted  path  through  a  single  layer. 
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lH-‘)')a.b  nHows  the  bending  or  zenith  angle  at  the  ground 
lor  a  path  Ironi  ground  to  space,  I'or  three  dilTcrent  atmo¬ 
spheric  profiles.  The  three  profiles  are  the  U.S,  Standard 
1976.  the  Tropical  ( 15'Nl.  and  Subarctic  WiiiterlhifN  Jan) 
profiles  IMcC'latchey  et  al..  I')721.  Figure  I8-I(M)  shows 
the  tvnding  for  a  path  Kxiking  out  horizontally  to  space 
lioni  the  observer  altitude. 

Figure  IS- 101  shows  the  difference  between  the  re¬ 
fracted  tangent  height  and  the  unrefracted  tangent  height 
versus  the  refracted  tangent  height  for  a  ray  coming  in  from 
infinity.  This  path  corresponds  to.  for  instance,  a  satellite 
instrument  scanning  the  earth  limb. 

18.6.2  Optical  Air  Mass 

Calculations  of  the  absorption  and  emission  of  electro¬ 
magnetic  radiation  in  the  atmosphere  require  knowledge  of 
the  amount  of  the  absorbing  gases  along  the  path,  txamples 
of  such  situations  are  the  absorption  of  solar  radiation  along 
a  path  to  the  ground  and  the  emission  of  infrared  radiation 
along  a  tangent  path  through  the  atmosphere. 

The  quantity  of  interest  is  the  integrated  absorber  amount 
|JL  along  the  path,  given  by 

gL  =  /  pds  (IS.S*)) 

where  p  is  the  density  of  the  absorbing  gas  and  ds  is  the 
element  of  length  along  the  path.  p.  is  also  known  as  the 
"column  density"  and  has  units  of  molecules  cm  '  if  p  is 
the  number  density.  The  value  of  p.  for  air  for  a  vcilical 
path  from  ground  (l()l,T2.^  mb)  to  space  is  p„  |molecules 
cm  '1:  The  ratio  of  p  for  air  for  a  given  path  to  p„  is  known 
as  the  "air  mass;"  for  example,  the  air  mass  value  for  a  path 
from  ground  to  space  where  the  zenith  angle  at  the  ground 
is  i)()-' is  ,7S.I. 

For  a  spherically  symmetric  atmosphere  and  for  paths 
where  the  zenith  angle  is  less  than  about  70°.  the  absorber 
anivumt  can  be  calculated  to  better  than  I'f  using  the  plane 
parallel  approximation,  that  is; 

p  f  pds  ~  sec  H  /  pdz  1 1 8.90) 

where  I)  is  the  zenith  angle  along  the  path  and  z  is  the  vertical 
coordinate  For  a  gas  whose  density  lollows  an  exironential 
prolilc 


pizi  =  p(/,)e  '  '  I  1 18.91 ) 

the  vetlical  integral  of  the  density  has  a  particularly  simple' 
form 


-  U|pt/|) 


prz.il 


H  = 


lnlp(Z;)/p(Z|)r 


(18.93) 


The  total  air  den  sity  and  the  density  of  uniformly  mixed 
gases  arc  well  represented  by  profiles  of  the  form  of  Equa¬ 
tion  (18.91)  especially  over  ultitude  ranges  of  less  than  a 
scale  height  (the  density  scale  height  under  normal  atmos¬ 
pheric  conditions  varies  between  6  and  9  km). 

For  zenith  angles  greater  than  70°.  the  effects  of  the 
earth's  curvature  and  of  refraction  become  significant.  In 
this  case,  plane  parallel  approximation  is  no  longer  valid 
and  a  more  elaborate  integration  of  Equation  (.18.92)  i!( 
necessary.  In  a  case  where  the  density  profile  is  exponential 
but  refraction  can  be  neglected,  the  absorber  amount  can  be 
calculated  using  the  "Chapman  functions."  Non-exponential 
profiles  and  cases  where  refraction  is  important  generally 
require  a  numerical  integration  of  Equation  (18.92).  A  com¬ 
puter  program  for  calculating  absorber  amounts  for  any  pro¬ 
file  and  an  arbitrary  path  is  available. 

■  There  are  a  number  of  tables  of  air  mass  for  various 
geometries  and  profiles  IChapman.  1931;  Smith  and  Smith. 
1972;  Gallery  et  al..  1983;  Bemporad.  1968;  Kasten.  1966 
and  1967;  Sneider  and  Goldman.  1974;  Sneider.  1975|. 
Table  18-14  gives  the  air  mass  for  selected  zenith  angles 
for  a  path  from  the  ground  (1013.25  mb)  to  space,  including 
the  effects  of  refraction.  The  profile  u.sed  is  the  U.S.  Stan- 
danl  Aimo.spheri’  1976.  and  the  values  are  accurate  to  within 
n  for  wavelengths  from  0.5  micrometers  to  the  far  in¬ 
frared.  Table  18-15  gives  the  air  mass'  for  various  tangent 
heights  for  a  path  from  space  to  space  through  the  tangent 
height. 

Air  mass  values  for  paths  with  large  zenith  angles  cannot 
in  general  be  applied  to  non-uniformly  mixed  gases,  such 
as  water  vapor  and  ozone.  This  fact  is  shown  in  Figures 


Table  18-14  Air  ma-ss  versus  zenith  angle  for  a  path  from  ground  (1013.25 
mb)  to  space,  VS.  Standard  Atmosphere,  1976.  0.23  pim 
to  the  far  infrared. 


/cnith  .Angle 
( Deg ) 

Air  Mass 

— 

/enith  Angle 
tDcg) 

Air  Mass 

70.0 

2.90 

88.0 

19.4 

72.0 

3.21 

88.2 

20.5 

74.0  • 

3.58 

88.4 

21.8 

76.0 

4,C7 

88.6 

23.1 

78.0 

4.71 

88.8 

24.6 

80.0 

5.58 

89.0 

26.2 

82.0 

6.87 

89.2 

28.1 

84.0 

8.85 

89.4 

30.2 

85.0 

10.3 

89.6 

32.5 

86.0 

12.3 

89.8 

.35.1 

87.0 

15.2 

90.0 

.38.1 

87.5 

17.1 

il'or  /cmlh  anglcN  less  than  "^0'.  the  secant  approxiniatum  is  gtHnJ  to  better 
than  I'r.j 


where  the'  scale  hcii^lit  H  is 
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Table  18-IS.  Air  mass  versus  tangent  height  (Hr)  for  a  path  from 

space  to  space  through  the  tangent  height.  U.S.  Standard 
Aimosphrrr.  1976.  0.2.1  p,m  to  the  far  infrared 


Ht 

Air  Mass 

Ht 

Air  Mass 

Ht 

Air  Mass 

0.0 

76.2 

10.0 

21.4 

30.0 

0.920 

1.0 

67.9 

12.0 

17.7 

35.0 

0.43 

2.0 

60.4 

!4.0 

11.4 

40.0 

0.208 

3.0 

53.6 

16.0 

8.28 

45.0 

0.107 

4.0 

47.5 

18.0 

6.01 

50  0 

0.0563 

5.0 

41.9 

20.0 

4.38 

6.0 

:6.9 

22.0 

3.18 

7.0 

32.4  ' 

24.0 

2.32 

8.0 

56.6 

26.0 

1.70 

9.0 

49.4 

28.0 

18- 102a. b  which  show  the  “air  mass’*  value  for  air.  water 
vapor,  and  ozone  versus  zenith  angle  for  a  path  from  ground 
to  space.  The  “air  mass”  values  for  water  vapor  and  ozone 
are  the  ratio  of  the  absorber  amount  for  the  given  zenith 
angle  to  the  absorber  amount  for  a  vertical  path  for  the  same 
profile.  The  temperature  profile  used  is  the  U.S.  Standard 
Atmosphere  1976  while  the  profiles  of  water  vapor  and 
ozone  used  are  shown  in  Figure  18-10.1.  At  90°.  the  “air 
mass”  value  for  water  vapor  is  72.2  and  for  ozone  14.4 
compared  to  38.1  for  air.  For  the  profiles  of  water  vapor 
and  ozone,  the  absorber  amounts  can  be  computed  to  better 
than  l^f  using  the  jjecant  approximation  up  to  80°  for  water 
vapoc  and  60°  for  ozone  (compared  to  72°  for  air  or  a 


uniformly  mixed  gas).  These  numbers  depend  upon  the  pro¬ 
file  used  and  should  be  taken  as  guidelines  only. 

Figure  18-104  shows  the  air  mass  value  versus  tangent 
height  for  the  three  components  for  a  path  from  the  tangent 
height  to  space.  These  curves  are  similar  in  shape  to  the 
density  profiles  of  the  components  themselves,  since  the 
bulk  of  the  integrated  amount  is  within  a  few  kilometers 
(vertically)  of  the  tangent  height. 

Figure  18-105  shows  the  air  mass  versus'  zenith  angle 
for  a  typical  stratospheric  balloon-borne  spectroscopic 
measurement;  the  observer  is  at  .30  km  scanning  between  a 
zenith  angle  of  85°  to  95.5°  at  which  point  the  path  intersects 
the  earth.  (The  zenith  angle  is  the  apparent  or  measured 
zenith  angle,  not  the  a.stronomical  zenith  angle: )  Also  shown 
are  the  tangent  height  versus  zenith  angle  and  the  angular 
diameter  of  the  sun.  If  the  sun  is  used  as  the  source  for  an 
observation,  the  absorber  amounts  to  different  points  on  the 
face  of  the  sun  may  differ  by  a  factor  of  2  for  air  and  an 
order  of  magnitude  for  water  vapor.  The  variation  in  air 
mass  due  to  this  effect  can  be  the  major  source  of  uncertainty 
in  a  measurement  and  must  be  considered  carefully. 


18.7  ATMOSPHERIC  OPTICAL 
TURBULENCE 

Astronomers  have  long  known  that  atmospheric  turbu¬ 
lence  can  cause  optical  propagation  effects.  The  famous 
“twinkling"  of  stars  is  due  to  such  turbulence.  When  tur¬ 
bulence  is  at  a  minimum,  astronomers  can  photograph  planets. 
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.Air  mass  vs  zenith  angle  for  a  path  from  0  to  KM)  kni  altitude.  U  S  StumUini  Atmosphere.  1962.  including  refraction  (a>  n  . 
(b) 
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Figure  18-103.  a)  W«iter  vapor  profile  of  the  U.S.  Standanl  model.  1%2.  b)  Ozone  profile  of  the  U.S.  Standard  model,  1962. 
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Figure  18-104.  Air  mass  vs  observer  altitude  for  a  path  from  100  km  to 
the  observer,  zenith  angle  90®,  V  S.  Standard  Atmos¬ 
phere.  1962.  including  refraction 


OBSERVER  RT  30  KM 


Figure  18-105.  Air  mass  vs  zenith  angle  for  a  path  from  30  to  100  km 
altitude.  U.S.  Standard  Atmosphere,  1962.  including  re¬ 
fraction  Also  shown  are  the  tangent  height  versus  zenith 
angle  and  the  angular  d'ameter  of  the  sun. 
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etc.,  with  a  minimum  of  blur  because  with  less  turbulence 
there  is  less  so-called  "image  dancing.”  Brightness  fluctua¬ 
tions.  or  scintillations,  also  diminish  when  there  is  low 
turbulence.  In  general,  such  conditions  are  called  “gtxHl 
seeing  conditions.”  The  basic  cause  of  the  optical  effects  is 
the  presence  of  fluctuations  in  the  index  of  refraction  along 
the  optical  path. 

A  number  of  excellent  reviews  exist  describing  the  tur¬ 
bulence  effects  on  optical  propagation  |  Pratt.  !%•);  Law¬ 
rence  and -Strohbehn.  1970;  Hufnagel.  l978;Dewan,  I9!;0|. 
The  following  is  a  brief  description  of  commonly  known 
turbulence  effects. 

Beam  steering:  The  laser  beam  can  be  deviated  from  the 
line  of  sight  so  that  part  or  all  of  it  will  miss  the  receiving 
aperture.  Thjs  is  most  likely  for  the  case  where  the  turbu¬ 
lence  (X'curs  close  to  the  sviurce.  as  when  the  receiver  is  in 
space  and  the  transmitter  is  on  the  ground  (partly  because 
a  deviated  beam  will  drift  farther  from  the  target  in  pro¬ 
portion. to  its  subsequent  distance  of  travel).  Beam  steering 
effects  arise  when  the  size  of  (he  atmospheric  inhomogene- 
ities  are  larger  than  the  width  of  the  beam. 

Image  dancing:  The  atmosphere  can  cause  a  mtxlulation 
of  the  angle  of  arrival  of  the  beam’s  wavefront.  This  will 
cause  the  image  of  a  source  in  the  receiver  to  be  fiKused 
at  difterent  places  in  the  fcKul  plane.  In  a  phtHographic 
image  this  would  cause  blurring.  Image  dancing  effects  can 
be  reduced  by  increasing  the  receivers, aperture. 

Beam  spreading:  Numerous  inhomogeneities  distributed 
across  the  beam  cross  section  cause  many  small  angle  scat¬ 
tering  events  to  occur.  This  has  the  effect  of  spreading  the 
beam  energy  over  a  wider  cross  section  reducing  the  signal 
intensity  at  the  receiver  and.  in  consequence,  introducing  a 
decrease  in  the  signal-to-noisc  ratio.  Beam  spreading  occurs 
if  the  beam  width  is  significantly  larger  than  the  eddies; 
beam  spreading  iKcurs.  therefore,  for  the  downlink  of  an 
earth-space  laser  system  (receiver  on  the  ground  and  trans¬ 
mitter  in  space  or  high  altitude  aircraft). 

Spatial  coherence  degradation:  Inhomogeneities  in  the 
beam's  path  also  cause  losses  of  phase  coherence  across  the 
wavefront  of  the  beam.  This  rapid  change  of  phase  with 
respect  to  the  radial  position  within  the  beam  cross  section 
reduces  the  beam’s  coherence  properties. 

Scintillation:  Within  the  beam  cross-section  interference 
effects  can  cause  destructive  and  constructive  interaction. 
This  causes  the  prrwer  to  vary  widely  from  point  to  point 
within  the  cross  section,  spatially  and  tempsrrally.  Scintil¬ 
lation  or  amplitude  variation  effects  can  be  explained  by 
regarding  the  eddies,  or  index  of  refraction  variations,  as  a 
random  distribution  of  weak  lenses  distributed  within  a  spa¬ 
tial  volume.  This  volume  is  to  be  envisioned  as  being  con- 
vected  across  the  beam  and  thus  causing  effects  that  vary 
with  time. 

Additional  turbulence  effeets  are  in  transmission,  ani- 
soplantism.  thermal  bU'oming,  and  information  band  width 
IGreenwood.  |977|.  to  name  a  few. 


18.7.1  Amplitude  Fluctuations  (Scintillation) 


Derivations  of  the  equations  given  below  will  be  found 
in  the  references  cited.  Tatarski  |I96I|  has  shown  that  the 
mean  square  fluctuations  of  the  logarithm  of  the  plane  wave 
amplitude  A  are  related  to  a  quantity  C^. 


(['"  (^)]  )  "  ^  ^  -f"  *'*  ^*^’ 


C;  is  a  measure  of  the  strength  of  the  atmospheric  turbulence 
(sec  for  example  Hufnagel.  I978|.  A.,  in  liquation  (18.94) 
is  the  mean  amplitude,  k  is  the  wave  number  of  the  radiation 
and  X  is  the  distance  along  the  path  of  the  beam.  L  is  the 
total  length  of  the  beam  path  and  r  is  the  position  vector. 
It  is  assumed  that  f y  VVL  f...  that  is.  that  the 

quantity  VmI  which  is  known  as  the  size  of  the  first  "Fresnel 
z.one.”  falls  into  the  size  range  of  inertial  range  eddies  (t , 
and  f„  are  the  "inner”  and  "cuter”  lengths  respectively). 

It  is  important  to  notice  that  these  scintillation  effects 
depend  on  where  they  iKcur  along  the  optical  path.  This  is 
indicated  by  the  term  x'*  in  Equation  (18.94)  under  the 
integral  sign  where  x  is  the  distance  from  the  receiver. 

For  short  path  lengths  where  (that  is.  the 

Fresnel  zone  is  much  smaller  than  the  inner  scale).  Tatarski 
1 1961 1  has  shown  that 


(rtx^dx  (I8.9.‘i) 


In  the  simple  case  where  Cj  is  constant  along  the  path,  as 
it  might  be  for  the  case  of  surface  to  surface  propagation. 
Equation  (18.94)  becomes 


O..^I  Cs  k’'' L'"’  (18.96) 


One  of  the  important  parameters  in  the  design  of  optical 
receivers  is  the  parameter  r.,  |Prait.  1969  and  Fried.  I967| 
the  transverse  coherence  length.  Physically  r,,  is  the  distance 
such  that,  if  a  receiver  diameter  is  increased  beyond  r,,,  there 
is  significantly  less  improvement  in  turbulence  degradation 
As  the  turbulence  degrades  the  phase  coherence  of  (he  ra¬ 
diation.  r„  is  reduced,  As  C^  becomes  larger,  r,,  becomes 
smaller.  The  transverse  coherence  length  is  (Fried,  1966| 

r„  =  2.1  1^^146  k-  C,^  (X)  dx  .  (18.97) 

The  isoplanalic  angle,  that  is.  the  angle  over  which  the 
optical  transfer  function  is  constant,  represents  a  radial  co¬ 
herence  scale  (Fried.  1979| 
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H„  =  1^2.91  k'  J  C-  x'-dxj 


(18.98) 


The  angle  H„  ean  be  eonsidered  as  the  outer  limit  of  an 
isoplanatie  patch  of  turbulence. 

Measurements  of  C,;  ean  be  infeaed  from  path  mea¬ 
surements  of  amplitude  tiuetuations  or  transverse  coherence 
length.  These  approaches  require  assumption  of  a  uniform 
distribution  of  C,;  along  the  path.  Point  measurements  of 
C,;  are  possible  using  an  alternative  parameter.  C'i,  viiiich 
is  the  mean-square  statistical  average  of  the  difference  in 
temperature  between  two  p*iints  separated  by  a  distance  r. 


C-i  =  <(T,  -  T  )•’  >r^ ' 


(18.99) 


where  the  angle  brackets  denote  an  ensemble  average.  C; 
is  related  to  Ci  thriuigh  the  partial  derivative  of  the  air 
density  with  respect  to  the  temperature. 


c,;  --  (79  X  It)  "  pn")’  c-;. 
P  (mb).  TtKl 


(1 8.  KM)) 


Hxpressions  delining  C  j  in  terms  of  atmospheric  parameters 
base  fieen  developed  by  Tatarski  1 19M  |  and  Hufnagel  1 1974. 
Hufnagel  and  Stanley.  19641. 

Experimental  da'a  on  is  limited  to  few  IcKations  (mostly 
astronomical  observatories).  Near  ground  level  C;  is  found 
to  be  dependent  upon  many  liKal  variables.  Figure  18-106 
represents  the  variation  of  C„  at  a  heigiit  of  2  m  above  the 
ground  on  top  of  a  flat  mesa  in  Boulder.  Colorado  (I  awrence 
et  al . .  1 97l)| .  Daytime  C;,  values  near  ground  level  can  range 
from  10  m  -  '  to  10  m  ’ Order-of-magnitude 
changes  can  occur  in  minutes. 

MtKlels  of  C|  in  the  atmospheric  boundary  layer  have 
been  developed  for  stable  and  unstable  conditions.  Wyn- 
gaard  et  al.  |I9711  predicts  a  power  law  dependence  of 
Cj  with  height  as 


Height  dependence 

I'z  ■“ 

C-: « ^ 


Conditions 


local  free  convection 
7.  ' '  neutral  stability 

constant  stronelv  stable 


Actual  measurement'  show  some  departure  from  these 
ideal  conditions.  .Measurements  in  the  New  Mexico  desert 
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and  mountains  indicate  minimum  Ci;  values  iKcur  shortly 
after  sunrise  and  before  sunset  when  there  is  no  temperature 
difference  between  the  ground  and  atmosphere.  For  nwn 
conditions,  dominated  by  a  convective  boundary  layer  |  Wal¬ 
ters  and  Kunkel.  19811 

Ci  =  (7.7  i  1.2) 

z 

xlfli'l  )  for  Z  <  KXX)  m  (18.101) 


(where  Z„  =  Im).  At  midnight. 


C^  =  0.2  +  1.1) 


X  10 


(OINM  r  OIMXMIK)?: 


(18.102) 


The  C;  data  generally  have  a  log  normal  probability 
distribution  as  illustrated  by  the  scintillometer  observations 
at  9.4  km  shown  in  Figure  18-106. 

Altitude  profiles  of  C,’,  obtained  by  performing  log  av¬ 
erages  are  shown  in  Figure  18-107.  The  Loos  and  Hogge 
11979)  data  are  from  White  Sands  Missile  Range.  New 
Mexico;  Miller  and  Zieski  [  1978]  data  are  obtained  at  Mt. 
Haleakala.  Maui.  Hawaii,  and  the  Barletti  et  al.  1 1977]  data 
are  obtained  from  three  locations  in  Italy.  The  Brown  and 
Good  11984a|  data  are  from  Ml.  Haleakala.  Hawaii,  the 
Brown  and  Gwid  !1984b|  data  are  from  Westford.  Mass. 
The  upper  altitude  profiles  (Z  >  5  km)  appears  to  be  more 
con.stant  in  time  except  for  possible  tropttpause  effects  as- 
stKiated  with  jet  streams  diurnal  effects.  Several  models 
have  been  presented  to  describe  the  Cs  altitude  profile.  Huf- 
nagle  11966)  imrtiduced  the  model 

C;(z)  =  2.7  X  10  ''' 
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where  J,  ^  ^  (Z)d7,  is  a  nxrt  mean 

square  of  the  horizontal  wind.  V(Z)  over  the  altitude  range 
of  the  model  Hufnagel  1 1^^741  also  has  a  model  with  a  delta 
function  additive  term.  2  x  It)  (h  -  12  km),  to  rep¬ 


resent  the  tropopause  contribution.  VanZandt  et  al.  II^Sl] 
had  developed  a  mixlel  based  on  statistical  behavior  of  the 
atmospheric  stability  and  wind  shears.  This  model  uses  ob¬ 
served  rawinsonde  measurements  ot  temperature  and  winds 
at  .7(X)  m  altitude  resolution  to  infer  optical  turbulence  at 
higher  altitude  resolution. 


ELECTROMAGNETIC  WAVE  PROPAGATION  IN  THE  LOWER  ATMOSPHERE 
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ELECTROMAGNETIC  WAVE  PROPAGATION 
IN  THE  LOWER  ATMOSPHERE 

Section  19.1  V.  J.  Fakone,  Jr. 

Section  19.2  R.  Dyer 


19.1  REFRACTION  IN  THE 
LOWER  TROPOSPHERE 

The  speed  of  propagation  of  an  electromagnetic  wave 
in  free  space  is  a  constant,  c,  which  is  equal  to  3  x  10“ 

r. '/s.  In  a  material  medium  such  as  the  atmosphere,  the  speed 
of  propagation  varies.  Even  small  variations  in  speed  pro¬ 
duce  marked  changes  in  the  direction  of  propagation,  that 
is,  refraction. 

In  the  atmtisphere.  the  speed  of  propagation  varies  with 
changes  in  composition,  temperature,  and  pressure.  At  radio 
wavelengths,  speed  does  not  vary  significantly  with  the 
wavelength,  but  in  the  optical  region  the  speed  depends 
strongly  on  the  wavelength.  In  the  lower  15  km  of  the 
atmosphere,  water  vap<ir  is  the  most  highly  variable  of  the 

ai. nospheric  gases,  and  at  radio  wavelengths  the  speed  of 
propagation  is  strongly  affected  by  water  vapor.  Temper¬ 
ature  and  pressure  variations  are  principally  functions  of 
altitude,  although  for  propagation  at  small  elevation  angles 
significant  variations  may  <Kcur  along  horizontal  distances. 
From  the  standpoint  of  effect  on  the  speed  of  propagation, 
temperature  variations  at  any  given  altitude  are  more  .sig¬ 
nificant  than  pressure  variations. 

In  its  most  general  form,  the  refractive  index  is  a  com¬ 
plex  function.  The  real  term  of  the  complex  function  is 
called  the  phase  refraciive  imicx.  n; 


19.1.1  Optical  Wavelengths 

An  approximate  relation  between  the  optical  refractive 
modulus  and  atmospheric  pressure  and  temperature  is 

N.  =  77.6^  (19.3) 

where  N,  is  the  refractive  mtxiulus  for  wavelengths  S>20 
|i.m.  P  is  atmospheric  pres.sure  in  millibars,  and  T  is  ai- 
mospherie  temperature  in  degrees  kelvin. 

The  dispersion  formula  of  Edien  j  1 9.53 1,  which  has  been 
adopted  by  the  Joint  Commission  for  Spectroscopy,  is 


N.  =  64.328 


29498.10  2.55.40 

146  -  l/X-  41  -  l/\-’  ’ 


(19.4) 


where  N^  is  the  refractive  modulus  at  a  wavelength  X  for  a 
temperature  of  288  K  and  a  pressure  of  1013.25  mb.  and 
X  is  the  wavelength  in  micrometers.  A  somewhat  less  precise 
but  more  convenient  dispersion  formula  is 


N  =  N. 


7.52  X  10  '■ 


(19.5) 


Expiations  (l‘>.3)  and  (19.5)  can  be  combined  to  give 
(19  1)  the  refractive  modulus  as  a  function  of  pressure,  tempera¬ 
ture.  and  wavelength; 


where  e  is  the  speed  of  light  in  a  vacuum  and  v.  the  phase 
velaeiry,  is  the  speed  of  propagation  in  a  particular  medium. 
In  the  troposphere  where  n  is  nearly  equal  to  one,  it  is 
convenient  to  define  the  quantity 

N  =  (n  -  I)  X  10'-.  (19.2) 

N  is  called  the units  of  (n  -  I)  <  10'' 
are  called  N-imils. 


77.6  P  0.584  P 
T  T  X- 


( I9.6> 


Refractive  moduli  calculated  by  using  Equation  (19.6) 
will  be  in  error  no  more  than  one  N-unit  over  :be  temperature 
range  243  to  303  K  for  wavelengths  from  0  2  to  20  (j.m 
Thus  Equation  ( 19.6)  covers  the  spectrum  from  the  far  ul¬ 
traviolet  through  the  near  infrared.  A  more  acelirale  rela¬ 
tionship  is  given  in  Chapter  18. 


CHAPTER  19 

19.1.2  Radio  Wavelengths 

At  radio  wavelengths  the  relationship  of  refractive  mod- 
I’l'js  to  pressure,  temperature,  and  water-vapor  pressure  is 
given  by 


,  77.6P  373000P.. 

N  =  -y-  +  - 

where  P»,  is  the  partial  pressure  of  water  vapor  in  millibars, 
P  is  pressure  in  millibars,  and  T  is  temperature  in  degrees 
kelvin.  Equation  (19.7)  is  accurate  to  0.1  N-unif  from  the 
longest  radio  wavelengths  in  use  down  to  about  6  mm  (50 
GHz);  5  N-units  from  6  to  4  nm  (50  to  75  GHz);  and  I  N- 
unit  from'4  to  2.6  mm  (75  to  1 15  GHz).  A  more  accurate 
description  of  refraction  and  its  effects  in  the  30  to  ICKX) 
GHz  region  (EHF  range)  has  been  investigated  by  Liebe 
119801. 

Absorption  by  atmospheric  constituents  begins  to  rise' 
to  significant  proportions  with  decreasing  wavelength  be¬ 
ginning  near  1.5  cm.  Water  vapor  content  is  by  far  the 
leading  factor  in  causing  changes  in  N,  followed  in  order 
of  importance  by  temperature  and  pressure.  For  example, 
for  a  '.emperature  of  288  K ,  pressure  of  1 0 1 3  mb  near  ground 
level,  and  a  relative  humidity  of  60%  (P...  =  10  mb),  the 
fluctuation.  AN.  is 

AN  =  4.5  AP.;  -  1.26  AT  +  0.27  AP.  (19.8) 

As  Equation  (19.8)  shows,  a  fluctuation  in  water  vapor 
pressure  has  16  times  the  effect  on  the  refractive  index  as 
the  same  amount  of  fluctuation  in  total  pressure  and  3.5 
times  the  effect  as  the  same  fluctuation  in  temperature. 
Equation  (19.7)  may  also  be  used  in  the  windows  of  relative 
transparency  for  submillimeter  waves  (\  >  100  p.m. 
f  '<  3  X  lO'GHz)  with  an  error  of  10  to  20  N-units. 

Equation  (19.7)  is  a  function  of  temperature,  pressure, 
and  vapor  pressure  all  of  which  are  height  dependent,  that 
is.  elevation  (h)  above  the  surface;  thus  N(h)  is  the  refrac- 
tiviry  structure.  In  reality,  surfaces  of  constant  refractivity 
are  not  planes,  but  are  concentric  spheres  about  the  earth’s 
center.  In  characterizing  the  atmospheric  layers  that  affect 
radio  wave  propagation  a  rruxlified  ’■efractivity  structure  M(h' 
is  defined. 


M  =  (n  +  -  -  I)  X  lO”  (19.9) 

a 

M(h)  =  Nth)  +  157h  in  units  of  M  (19.10; 

where  h  is  in  kilometers,  a  is  the  radius  of  the  earth  (6370 
km)  and  I/a  =  157  x  IC^km  '. 

When  the  lapse  rate  of  N  is  less  than  —  157  N-units  per 
kilometer  |Equ?'ion  ( 19. 10)].  the  slope  of  M  becomes  neg¬ 
ative  indicating  a  ducting  condition.  Figure  19-1  illustrates 
ducts  at  1000  and  7{K)  mb  (Morrissey,  personal  communi¬ 
cation.  19821. 
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Figure  19-1.  Data  from  Chatham.  Mass,  radiosonde  rele.ise  of  26  July 
1982. 


19.1.3  Standard  Profiles  of 
Refractive  Modulus 

The  vertical  distribution  of  the  refractive  modulus  can 
be  calculated  from  Equation  (19.3)  using  vertical  distribu¬ 
tions  of  vapoi  pressure  and  temperature  as  a  function  of 
pressure.  Under  normal  conditions.  N  tends  to  decrease 
exponentially  tyith  height.  An  exponential  decrease  is  usu¬ 
ally  an  accurate  description  for  heights  greater  than  3  km; 
below  3  km.  N  may  depart  considerably  from  exponential 
behavior.  The  median  v-.iue  for  the  gradient  dN  is  typically 
-  0.0394  N/m  for  the  first  few  thousand  meters  above  ground 
level. 

For  many  purposes  it  is  desirable  to  have  standard  re¬ 
fractive-modulus  profiles  for  the  atmosphere.  By  using  the 
equations  of  the  model  aimospnere,  an  exact  analytical 
expression  for  the  standard  optical  refractive  modulus  can 
be  derived.  A  simplified  approximation  to  this  is 

N.  =  273  exp  (-^).(Z«  7.62)  (19.11) 

Z  is  the  altitude  in  thousands  of  km. 

Equation  (19.11)  can  be  differentiated  to  obtain  the 
standard  gradient  of  optical  refractive  modulus; 

^  =  27.8  exp  (-;^).  (Z  «  7.62).  (19.12) 

9.u2 

Equations  (19.11)  and  (19.12)  may  be  corrected  for 
dispersion  through  use  of  Equation  (19.5). 

For  the  radio  v  avelengihs,  it  is  necessary  to  assume  a 
distribution  of  water  vap.ir  in  order  to  obtain  an  et.pression 
for  the  refractive  modulus.  Assuming  P...  =  10.2 
(1  -  0.064Z).  forZ  «  7.62,  a  simplified  approximation  is 
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Figure  19-2.  Variatinn  of  standard  gradient  uf  refractive  mudulus  with 
altitude 

N  =  316  exp  (-^).(Z«  7.62).  (19.13) 

o.Uo 

The  standard  gradient  of  radio-wave  refractive  modulus  is 
then; 

dN  Z 

—  =  -.^9.1  exp  (Zs  7.62).  (19.14) 

Figures  19-2  and  19-3  are  graphs  of  standard  profiles  cal¬ 
culated  from  Equations  (19.12)  through  (19. '.4). 


Figure  )9-.V  V'ariation  of  >lamlard  rcrraclivc  nnnlulus  wiih  altituUc 


Figurc  I9>4.  Mienmuve  a*fractive  minjulus  profile  m  continental  tri>pical 
air  mass. 

19.1.4  Variations  of  Refractive  Moduli 

Actual  profiles  may  differ  markedly  from  the  standard 
profiles.  Figures  19-4  through  19-7  show  some  profiles  of 
refractive  modulus  at  microwave  frequencies  calculated  from 
radiosonde  measurements.  These  are  considered  typical  for 
the  air  masses  indicated.  Average  deviations  from  a  model 
atmosphere  refractive  index  have  been  studied  extensively; 
for  example,  see  Bean  and  Dutton  1 1968). 


Figure  W*5.  Mierimavc  retruclivc  modulus  profile  in  connnent;il  ptdar 
air  mass. 
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Hiuua'  Micr()wavo  rc  ractivc  hukIuIun  profile  in  continental  pt>lar 

air  mass. 


mass. 


Fieua'  19-S.  Aircraft  measurements  through  a  cumulus  clouO  The  heavy  lines  show  the  time  during  which  an  observer  in  the  aircraft  indicated  lhai  the 
plane  wjs  within  the  visible  cKnid  The  calculated  virtual  tcrr.pcrature.  T,.  was  corrected  for  I^Cjuld  water  content,  T  i^  the  measured 
temperature  Relative  humidity'  in  percent  is  shown  on  the  ambienl  wjkr-vap  )r  pressure  curve;  the  curve  labeled  e.  is  the  calculated  saturation 
water-vapor  pressure  at  the  temperature  encountered,  'fhe  bottom  curve  shows  the  liquid  water  content  ILWC). 
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Cumulus  clouds  arc  evidence  of  the  existence  of  a  very 
inhomogeneous  field  of  water  vapor  within  the  atmosphere. 
Figure  19-8  shows  some  measurements  of  refractive  mod¬ 
ulus  and  assiK-iated  paran.cters  within  a  fair-weather  cu¬ 
mulus  cloud.  The  time  response  of.  the  instruments  from' 
which  refractive  modulus,  temperature,  and  v. atcr-vap<ir 
pressure  were  obtained  was  such  that  changes  iKcurring  in 
distances  as  small  as  I..S  m  could  be  measured.  However, 
the  instfument  for  measuring  liquid  water  content  had  a 
much  slower  rcspsmse .  Figure  1 9-9  shows  a  composite  cic  ad 
which  summarizes  data  from  .^0  cloud  passes. 

Figures  I9-I()a  and  b  show  the  average  AN  between 
cloud  and  clear  air  to  be  expected  in  various  parts  of  the 
United  States  at  the  midseason  months.  The  chances  of 
having  cumulus  clouds  at  1 500  h  l(Kal  time  for  these  months 
is  also  shown.  Additional  climatological  data  on  AN  and 
cumulus  clouds  is  given  by  Cunningham  |I962| 

The  deviations  in  refractive  modulus  are  principally  in 
the  vertical  direction.  Regions  of  more  or  less  constant  gra¬ 
dient  of  the  refractive  modulus  arc  called  stratified  layers. 
The  horizontal  extent  of  these  layers  may  vary  from  a  few 
kilometers  to  hundreds  of  kilometers  depending  on  the  me¬ 
teorological  processes  by  which  they  are  produced.  When 
N  decreases  with  height  inside  a  specific  layer  much  faster 
than  if  does  above  or  b^'low  the  layer,  the  layer  is  said  to 
be  super-refractint>  for  propagation.  One  cause  of  this  is  a 
temperature  inversion.  l.aycrs  of  negative  height-gradient 
of  N  in  assix'iation  with  regions  in  which  the  temperature 


gradient  is  positive  (or  less  negative)  than  the  gradients  of 
the  layers  just  above  and  below  are  known  as  subsidence 
inversion  layers.  These  layers  generally  have  a  large  hor- 
zontal  extent.  Layers  in  close  proximity  to  the  earth's  surface 
are  strongly  influenced  by  the  liKal  conditions  of  the  earth's 
surface  and  for  this  reason  show  more  variability  than  the 
layers  described  above. 

In  the  inversion  layer,  the  temperature  may  change  by 
a  few  degrees  in  intervals  of  from  (iffy  to  a  few  hundred 
meters  in  altitude.  This  temperature  difference  accounts  for 
a  change  of  only  a  few  N-units.  However,  an  inversion 
usually  indicates  the  presence  of  a  humid  air  mass  under  a 
dry  one.  The  transition  from  humid  to  dry  air  causes  a 
marked  change  of'N  in  the  super-refracting  layer,  typically 
of  20  to  50  N-units;  changes  as  pronounced  as  80  N-units 
have  been  measured.  Super-refracting  layers  may  be  clear- 
weather  phenomena,  or  can  be  accompanied  by  haze  (aei- 
osols)  in  the  lower  air  mass.  Invariably  they  signify  stable 
weather  situations,  such  as  occur  when  a  high  pressure  cen¬ 
ter  stagnates  in  an  area. 

The  horizontal  and  temporal  extent  of  super-refractive 
layers  varies  widely.  In  New  England  it  may  be  only  a  few 
fens  of  kilometers.  In  mideastem  states,  the  layers  extend 
farther  and  may  last  from  a  half  hoar  up  to  a  week.  In  the 
trade-wind  zones  of  the  world,  the  cbmatic  regime  (mani¬ 
fested  by  steady  wind  directions  and  speeds  throughout  most 
of  the  year)  sustains  super-refracting  layers,  which  extend 
a  few  thousand  miles  both  east  to  west  and  north  to  south. 
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Figure  19-9  Average  cloud  shape  cross  section  9fr  to  .wind  shear  and  average  refractive  nunlulus  changes  on  .M)  June  1955  NW  of  Boston.  Mass 


19-5 


T 

\ 


I 


1 


CHAPTER  19 


FIRST  I.ZhmOF  CLOUO 


FIRST  I2km  OF  CLOUO 
1500  LOCAL  TIME 
APR'L, 


Ft^’ure  19-10.  Percent  frequency  of  cumulus  and  cumulonimbus  cloud  a''.d  AN.  the  average  change  in  refractive  modulus  between  the  cloud  and  clear  air 
for  January,  April,  'uly.  and  October. 


19.1.5  Turbislence 

It  has  long  been  recognized  that  the  effects  produced  by 
the  atmosphere  upxin  electromagnetic  waves  propagating 
through  it  are  a  measure  of  the  nature  of  the  atmosphere. 
If  the  atmosphere  is  considered  as  a  medium  with  electro¬ 
magnetic  properties  that  are  functions  of  space  and  time, 
then  atmospheric  properties  can  be  investigated  by  meas¬ 
urements  of  wave  propagation;  these  observations  are  called 
remote  probing.  The  atmospheric  'or  meteorological)  pa¬ 
rameters  are  inferred  from  their  influence  on  Equations  ( 19.6) 
and  (19.7);  it  is  assumed  that  scattering  is  due  to  random 
fluctuations  in  the  dielectric  constant  of  the  atmosphere. 
When  fluctuations  in  the  refractivity  are  of  interest,  they  are 
studied  via  the  correlation  function  and  its  Fourier  trans¬ 
form.  the  spectral  density.  This  approach  is  described  by 
Tatarski  [  1961  and  1971 1.  Staras  and  Whcclon  |  I9.S91.  Huf- 
nagle  and  Stanley  11964),  and  Strohbehn  11968).  A  tutorial 
review  has  been  written  by  Dewan  11980], 


A  locally-homcgeneous  isotropic  turbulent  model  of  the 
atmosphere  is  assumed,  that  is.  a  model  of  well  mixed 
random  fluctuations.  This  model  is  restrictive  and  requires 
justification  for  each  new  application.  One  assumes  the  spec¬ 
tra!  density  ({-..(k)  (the  three  dimensional  spectrum  of  re¬ 
fractivity)  is  given  by 

({)„(K)  =  0.0.T7  Cs  k  "  exp  (  Icm’l  (19.15) 

where  k„  <  k  <  k^,.  The  spatial  wave  number  K(cm"  ')  is 
2  Tt/f .  f  is  the  size  of  the  turbulent  eddy  or  blob,  x,.  is  2 
ir/L,,.  L„  is  the  outer  scale  of  turbulence  (typicallv  the  order 
of  10'  to  lO"*  cm,  depending  on  layer  height),  Kn,  is  5.92/ 
f,.(cm  ').  f„  is  the  inner  scale  or  turbulence,  and  C^,  is 
specified  by  Equation  (19.16),  that  is,  Cs  is  a  measure  of 
magnitude  of  the  mean  squared  fine  scale  gradients.  Figure 
19-11  shows  the  typical  spectrum  of  irregularities,  <])„(•<) 
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Figure  19-11, 


Three-dimensional  spectrum  of  refractive  inde*  fluctua¬ 
tions. 


and  the  ranges  of  energy  input,  redistribution,  and  dissi¬ 
pation.  Physically,  the  energy  is  put  into  the  turbulence  from 
the  largest  scale  sizes  (smallest  value  of  k)  by  wind  shear 
and  convective  heating,  the  energy-producing  eddies  are 
assumed  to  have  a  spatial  wave  number  less  then  k„.  The 
region  between  k„  and  k„,  is  the  redistribution  (inertial) 
range,  where  energy  is  transfetred  from  large  edies  (small 
k)  to  smaller  eddies  (larger  k)  until  viscous  effects  becomes 
important  dt  k„  =  5.92/(„  and  the  energy  is  dissipated. 
Near  the  ground,  f„  is  of  the  order  of  0.1  to  1  cm. 

Once  the  value  of  is  determined,  the  spectral  density 
is  known.  C;  may  be  found  directly  from  the  dimensionless 
structure  function  Dn(r). 


D„(r)  =  iN(r  -h  r,)  -  N  (r,)|-  =  C;r;’  (19.16) 

where  N(r)  is  the  normalized  fluctuating  part  Of  the  index 
of  refraction,  the  bar  indicates  the  average  of  the  squared 
quantity,  and  r(r  f„)  is  the  size  of  the  inhomogenities 
determined  from  the  differences  in  the  values  of  N  at  two 
points  r  and  r|. 

At  optical  wavelengths,  C„  is  determined  from  temper¬ 
ature  measurements  alone; 

C„  =  10 '■(p/p,.)CT  !cm  '  'I  (19.17) 

where  p/p„  is  the  ratio  of  the  average  atmospheric  density 
at  a  given  altitude  to  the  density  at  sea  level.  The  structum 
constant.  Cr.  is 

Ct  =  2.4  e  ' '(7'p)  |K  cm  ' '1  (19.18) 

where  r  (cmV’)  is  the  rate  of  energy  per  unit  mass  dissi¬ 
pated  by  viscous  friction,  y  (K  cm  ')  is  the  average  vertical 
gradient  of  the  potential  temperature,  and  p  (s  ')  is  the 
average  shear  or  vertical  gradient  of  the  horizontal  wind 
IHufnagle  and  Stanley.  1964  or  Chapter  I8|. 

Figure  19-12  shows  the  average  dissipation  rate  esti¬ 
mated  from  observed  values  as  a  function  of  altitude.  Figures 


Figure  19-12.  Dissipation  rale  r  vs  altitude. 


19-13  and  19-14  are  plots  of  observed  geometric-mean  val¬ 
ues  of  y  and  P  respectively  as  functions  of  altitude.  The 
values  of  y  are  taken  froni  the  1966  Supplementary  At¬ 
mosphere;  the  values  of  p  are  computed  from  reported  wind 
profiles.  Figure  19-15  shows  C,  as  a  function  of  altitude; 
the  values  of  p/p„  used  to  compute  C„  are  taken  from  the 
1966  Supplementary  Atmosphere.  At  radio  wavelengths. 
Equation  (19.17)  cannot  be  used  because  water  vapor  must 
be  considered  as  well  as  temperature  [  Crane,  1968.  1980). 

C„  for  a  model  atmosphere  can  be  obtained  directly  from 
Figure  19-15.  When  values  of  p/p„  are  known  from  radio¬ 
sonde  observations.  C„  for  the  given  p/p„  can  be  calculated 
by  using  values  obtaiiied  from  Figures  19-12  through  19-14 
and  Equations  (19.17)  and  (19.18), 

Hufnagle  [1974]  synthesized  a  model  for  C„  based  on 
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Figure  19*13.  Average  p<>tential  lempcraturc  gradient  (y)  vs  altitude 
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Figure  19*14.  Average  wind  Nhear  ('(i)  vs  attitude. 


the  empirical  observation  that  the  best  correlation  factor  to 
correlate  the  scintillation  spectrum  and  the  meteorological 
parameter  of  wind  speed  is 


[1  r:ii  111.  y- 

—  I  v’thldh  (units  of  m/s) 

15  J.'  km  J 

(19.19) 


for  h  in  km 


ALTITUDE 

Figure  19-15  Index  nt*  retraction  Mmeture  lC„)  vs  altitude 
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where  h  is  height  in  meters  above  sea  level,, r  is  a  zero  mean 
homogeneous  Gaussiap  random  variable  with  a  covariance 
function  given  by 

(r(h  +  h'.  t  +  t)  r(h.t)> 

=  A(h'/IOO)e  "  ^  +  A(h72000)e  (19.21) 

The  model  for  C„(h.  t)  is  valid  for  heights  between  3  and 
24  km.  The  time  interval  t  is  measured  in  minutes  and 
A(h',/L)  -  I  -  |h/L|  for  (h')  <  1.  and  zero  otherwise: 
<r^)  =  2  and  (exp  r)  =  e  =  2.7  for  ca.ses  in  which  fine 
structure  is  not  of  interest.  VanZandt  et  al.  |I98I|  di.scuss 
another  C;  model.  Brown  et  al.  (I982|  and  Good  et  al. 
11982]  present  the  correlating  data.  may  be  determined 
from  radar  backscatter  measurements  in  rhe  atmosphere;  see 
for  example,  Staras  and  Wheelon  (1959),  Hardy  and  Katz 
|I969|.  Ottersten  11969],  and  Gage  et  al.  11978|. 

At  radio  frequencies,  the  mechanism  responsible  for 
back.scatter  and  forward  scatter  beyond  the  horizon  is  the 
refractive  index  variation  due  to  fluctuations  in  properties 
of  the  atmosphere.  The  ratio  of  the  received-to-transmitted 
power  (Pr/P,)  depends  upon  the  integral  of  the  scattering 
cross  section  per  unit  volume  over  the  common  volume 
defined  by  the  antenna  pattern  or  patterns  for  backscatter 
and  forward  scatter  respectivity. 


where  X  is  the  wavelength  employed.  G,  and  G,  are  the 
gains  of  the  transmitting  and  receiving  antennas  respec¬ 
tively.  R)  and  R?  are  the  distances  from  the  scattering  vol¬ 
ume  (dV)  to  the  respective  antennas,  and  p.  (a  reciprocal 
length)  is  the  scattering  cross  section  per  unit  volume.  Figure 
19-16  illustrates  the  path  geometry  for  Equatio.i  (19.18). 

The  scattering  cross  section  per  unit  volume  is  directly 
related  to  the  spectral  density: 

p  =  (iT-ZX-')  4>„(k)  (19.23) 

where  |k|  is  (4  Tr/X)sin(0/2>. 

Scattering  is  not  the  only  effect  of  atmospheric  turbu¬ 
lence  on  the  propagation  of  electromagnetic  waves.  As  the 
waves  propagate  through  the  atmosphere,  fluctuations  in 
amplitude  and  phase  occur.  The  amplitude  and  phase  fluc¬ 
tuations  may  be  described  using  the  equations  of  geometrical 
optics  or  the  smooth  perturbation  solution  of  the  full  wave 
equation.  A  summary  of  the  solution,  based  on  work  by 
Tatarski  1 1961 1.  is  provided  below.’ 

In  order  to  apply  the  geometrical  optics  approximation, 
the  conditions  that  have  to  be  satisfied  are 

X  <  f„  and  (X  L)'  •  f„. 

where  X  is  the  wavelength  of  the  propagating  wave.  f„  is 
the  inner  scale  of  turbulence,  and  L  is  the  path  length  over 
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Figure  19-16.  Gcometn' for  turbulent  scattering. 


The  covariance  function  of  phase  fluctuations.  CJQ,  at 
two  receivers  that  are  both  an  equal  distance  L  away  from 
the  transmitter  and  are  separated  from  each  other  by  a  dis¬ 
tance  5  =  (y^  +  z’)'  ■  is 


CJO  =  2ir  r*  F,(K)Jo(KC)Kdk.  (19.27) 
Jo 

J„  (kO  is  the  Bessel  function  and  FJk)  is  the  two  dimen¬ 
sional  Fourier  transforms  of  Cs(5)’. 

FUk)  =  2  wk-L  (bn  (k)  (cm^I.  (19.28) 

The  covariance  function  of  amplitude  fluctuations,  0^(5), 
for  the  conditions  <>ivcn  above  is  , 


C,(4)  =  2  IT  r  F,(K)J„(Ke)  Kdk  ,(19.29) 


which  the  wave  propagates.  The  phase  fluctuation  at  a  point 
r  along  the  path  is 


-I' 


n(s)  ds 


(19.24) 


where  Sir)  is  the  total  phase  change,  k  is  2  ir/X.  n(s)  is  the 
index  of  refraction  in  the  direction  of  s.  and  ds  is  the  element 
of  path  length.  The  amp! itiule  fluctuation  \  at  point  r  along 
the  path  is 


^  ^  ^  £  Vt  S|  (iy.z)d  £ 


where  A(r)  is  total  amplitude  at  point  r,  is  the  transverse 
Laplacian.  and  f  is  the  direction  (if  propagation.  S,  (£,y.z) 
is  the  phase  fluctuation  about  its  rnean  value. 


5n(s)  ds 


(19.26) 


■  (^) 


(X)  [cm^].  (19.30) 


Under  restrictions  that  \  („  and  that  L  ff./X’,  the 

smtxith  perturbation  solution  of  the  full  wave  equation  leads 
to 

FdK)  =  itk^L,  ^1  -f-  <I>„(k)  [cm-]  (19.31) 


F,(k)  =  ttk-L  1^1  -  <t>n(K)  [cm^I  (19.32) 

where  a  is  K-L/k.  TTiese  restrictions  limit  the  validity  of 
F.quations  (19.31)  and  (19.32)  to  wavelengths  in  the  mil¬ 
limeter  and  optical  regions  and  to  relatively  short  paths, 
although  in  certain  cases  these  restrictions  may  be  relaxed, 
for  example  for  X  &  („.  C  and  F  can  be  measured  only  over 
a  finite  range  of  values  of  k.  therefore  a  complete  knowledge 
of  C  or  of  F  is  not  possible. 


where  8n(s)  is,  the  deviation  of  the  index  of  refraction  from 
its  mean  value.  If  n(s)  depends  o:’!y  on  altitude,  then  Equa- 
!i(in  (19.24)  may  be  used  to  determine  the  average  phase 
change  by  substituting  the  average  index  of  refraction  in  the 
integrand 


k  J  (n(s)>ds;  this  is  useful  in  studying  refraction. 


19.2  ATTENUATION  AND 
BACKSCATTERING 

Scattering  and  attenuation  are  usually  complicated  func¬ 
tions  of  panicle  size  and  dielectric  properties.  The  square 
r(.ot  of  (he  dieleciric  constant  m  is 


V  m  =  n  —  i  K, 


(I9.,V^) 


scattering  of  so-called  “spungy”  hail  (a  mixtute  of  ice  and 
water)  is  3  to  4  dB  above  that  of  the  equivalent  all-water 
spheres  and  at  least  10  dB  above  that  of  the  equivalent  solid 
ice  spheres  (Atlas  et  al. ,  I964|.  Because  of  the  variabilities 
of  sizes,  shapes,  and  liquid  water  content  of  hail,  no  general 
rules  concerning  backscattering  and  attenuation  cross  sec¬ 
tions  for  hail  can  be  made.  As  a  first  approximation,  how¬ 
ever,  the  ice  curve  of  Figures  I9-I7and  19-18  may  be  used. 

For  ‘■pherical  particles,  if  irD/X  <0.1. 

'TT'D'  2 

Qi  =  — —  Im  (-K)  +  ^  Icm’l.  (19.36) 

When  ttD/X  >0.1.  Q,  must  also  be  computed  from  the 
exact  Mie  equations.  Several  computer  programs  are  avail¬ 
able  to  compute  the  total  attenuation  caused  by  any  distri¬ 
bution  of  water  and/or  ice  panicles.  (See.  for  example. 
Falcone  et  al..  1979.] 


19.2.2  Reflectivity 

The  average  echo  power  returned  by  a  group  of  randomly 
distributed  scattering  particles  is  proportional  to  their  re¬ 
flectivity  T).  Reflectivity  is  defined  as  the  summation  of  the 
backscatter  cross  sections  of  the  particles  over  a  unit  volume: 
■q  ^  iitr:  When  the  backscattering  particles  are  spheres  and 
are  small  enough  with  respect  to  wavelength  so  that  the 
Rayleigh  approximation  can  be  used  (that  is.  irD/X  <  0.2), 
the  reflectivity  is  pniportional  to  the  radar  reflectivity  factor 
Z  which  is  the  summation  over  a  unit  volume  of  the  sixth 
power  of  the  particle  diameters,  Z  =  S  D*.  Summation 
over  a  unit  volume  of  Equation  ( 19.35)  gives 

2a  =  q  =  X  10-'-’  Icm-'l  (19.37) 

for  Z  in  conventional  units  of  mm'’  and  m“'  and  X  in  cen¬ 
timeters. 

When  the  particles  are  larger  than  R:  ;  leigh  size  or  com¬ 
posed  of  ice  or  water-ice  mixtures,  it  is  common  practice 
to  meast.'re  the  radar  reflectivity  and  express  it  in  tenns  of 
an  equivalent  reflectivity  factor  Z...  Substituting  |K|-  =  0.93 
(water  at  norrnal  atmosphere  temperature,  wavelength  in  the 
centimeter  range)  in  Equation  (19.38) 

Zc  =  3.5  X  10'*  X'*  q  (mm*  m’ ').  (19.38) 

Thus.  Z<.  is  simply  the  ID'’  required  to  obtain  the  observed 
signal,  if  al!  the  drops  were  acting  as  Rayleigh  scatterers. 

Because  Z  is  a  meteorological  parameter  that  depends 
only  on  the  particle  size  distribution  and  concentration,  it 


is  useful  to  express  Z  as  a  function  of  either  the  precipitation 
rate  R  or  the  mass  of  liquid  water  (or  water  equivalent  of 
the  ice  content)  M.  The  returned  radar  signal  can  then  be 
related  to  Z.  and  through  Z  to  R  or  M.  Numerous  Z-R  and 
Z-M  relations  have  been  proposed.  They  vary  geographi¬ 
cally.  seasonally,  and  by  type  of  precipitation. 

The  following  Z-R  relations  are  typical  of  those  most 
often  found  in  the  literature: 


Z  =  200  R'* 

widespread  stratiform  rain 

Z  =  110  R'-*’ 

drizzle 

Z  =  460  R'  *' 

thunderstorm 

Z  =--  145  R'  *’• 

orographic 

Z  =  314  R''- 

monsoon 

The  scattering  properties  of  snow  are  complicated  bv 
the  many  forms  in  wiiich  snow  can  (Kcur,  either  as  singlc- 
ice  crystals  or  aggregates  of  such  crystals.  The  following 
relationships  are  reasonal>le  averages  of  observation' : 

Z  =  5(X)R'  *  for  single  crystals 

and 

Z  -  2000  R-  •’  for  aggregates 

where  R  is  ihe  snowfall  rate  in  millimeters  of  water  per 
hour. 

Measurements  by  Boucher  [  1981  ]  relating  the  reflectiv¬ 
ity  to  the  rate  bl  snow  accumulation  suggest  that  a  relation 
of  the  form 

Z^AS-" 

where  S  is  the  snowfall  rate  in  millimeters  of  snow  per  hour, 
gives  good  agreement  between  measured  radar  refle..  vity 
and  measured  snowfall  accumulation.  Boucher  focud  that 
A  varied  between  6  x  10''  to  2  x  Kh  ’  when  S  was  ex¬ 
pressed  in  millimeters  per  hour.  This  variability  's  due  to 
the  variability  of  the  density  of  snow,  which  ranges  over 
an  order  of  magnitude. 

Clouds  composed  of  water  particles  scatter  very  poorly 
at  centimeter  wavelengths  due  to  the  relatively  small  size 
of  the  water  droplets.  High-power  radars  operating  at  mil¬ 
limeter  wave  lengths  can  detect  water  clouds  at  short  ranges. 
An  empirical  Z-M  relation  for  water  clouds  is 

Z  =  0.048M= 

where  M.  the  water  content,  is  in  grams  per  cubic  meter. 

19-11 


CHAPTER  20 


Table  19-1  Aitenualion  (I'Vkm)  a:  293 


Prccipitalion 

Wavelength  (cm) 

Rate  (mm  hi 

0  O' 

00.3 

0  1 

0.15 

0  2 

0.25 

0.3 

0.5 

0.8 

1.0 

2.0 

3  0 

5.0 

6.0 

15  0 

0,23 

0 

0,900 

0.874 

0.773 

06.36 

05.39 

0,4.34 

0.179 

0.06.34 

0.0.381 

0,685 

X  10  - 

0.2.31 

X  10  - 

06.37 

X  10  ' 

0.4.34 

X  10  ' 

i)...3i 

X  lO-* 

1.2.3 

2'3i 

2.43 

2.51 

2.41 

2.22 

1.99 

1.74 

0,919 

0.374 

0.232 

0.0449 

0.01.34 

0..304 

X  10^- 

0.191 

X  10  ■ 

0.249 

X  10  • 

2  .30 

3. .'I 

3.71 

3.90 

3.8.'. 

J  63 

.3.34 

3.01 

1.77 

0,783 

0.497 

0.104 

0.0.311 

0.618 

X  10- 

0.374 

X  10  •’ 

0  454 

X  lO  * 

.3.00 

.3.6,3 

6.01 

6.02 

5.83 

5.49 

5.08 

3.29 

1.60 

1,05 

0.2.39 

0.0750 

0.0132 

0.758 

X  10  - 

0.829 

X  lo  ' 

I2,.V) 

9.3.3 

9,X6 

10.39 

10.80 

10.69 

10.33 

9.81 

7.13 

3.94 

2.70 

0.698 

0.245 

0.0399 

OO209 

0.186 

X  10- 

2.3.00 

14  27 

1.3.03 

16.18 

16.67 

16.70 

16.38 

15.81 

12.36 

7,51 

5.38 

1.52 

0.50I 

0.100 

0.0488 

0..348 

X  10“' 

.3, (1.00 

21  7K 

22.90 

24.68 

25.61 

25.89 

25.70 

25,14 

20  89 

13.87 

10  .37 

3,2.3 

I..38 

0.265 

0.124 

0.661 

X  in 

KX.OO 

.'.V22 

.34.X.3 

.37..35 

.39.18 

.39  84 

.39.% 

.19.50 

.34.. 34 

24  83 

19  40 

6  66 

3.09 

0.706 

0.3,38 

0.0128 

15()()(1 

42.4(t 

44  ,3| 

47.93 

.30  16 

51  10 

51. .34 

51  22 

45  94 

34  46 

27.59 

10  06 

4.86 

1.24 

0.613 

0  0190 

Table  19-a  Temperaiu.e  correction  factor  for  representative  rains. 

I - - - - 

Precipitation  Temperature  (K' 


Precipitation  | 

Rate  Wavelength 

mtn/h  cm 


273  283  293  303  313 


1.0  1.0 
99  0.99 
02  1.01 
1.09  102 
1.55  1.25 
1.72  1.29 


0 
0 
01 
95 

28 1  1.14 1 1,0 


.0  1.0  1.0 

.0  1.01  1.02 


.0  1.0  1.0 
.0  1.0  1.01 
.0  0.99  0.98 
.0  1.05  1.10 
1.14  1,0  0.86  0.72 
1.73  I  1.30  1.0  0.79  0.64 


0  1.0 
0  1.0 
01  1.0 
97  1.0  1.04 

,04  1.03  1.0  0.95 
.74  1.30  1.0  0.79 


0 
0 
02 
99 

91  10.961 1.0 


1.02  1.04 


1.72  1.31 


wavelength  (cm) 

,3 


FREQUENCY  (GHz) 

Figure  19-19.  Theoretical  attenuation  lue  to  snowfall  of  10  mm  of  water 
content  per  hour  as  a  function  of  wavelength  and  temper- 
e. 
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19.2.3  Attentuation  by  Precipitation 

Attenuation  by  rain  is  a  function  of  drop  size  distribu¬ 
tion.  temperature  and  wavelength.  Theoretical  computa¬ 
tions  |Dyer  and  Falcone,  1972]  indicate  that  for  a  given 
rainfall  rate,  wavelength  and  temperature,  the  variations 
in  drop  size  distribution  can  cause  deviations  in  average  at¬ 
tenuation  of  between  4%  and  33%.  For  comparison,  meas¬ 
ured  attenuations  are  accurate  to  no  more  than  ±  20%  in 
general. 

Table  19-1  gives  the  theoretical  attenuation,  for  a  wide 
range  of  rainfall  rates  and  wavelengths,  assuming  a  constant 
temperature  of  293  K  and  an  exponential  distribution  of 
drop  sizes.  Table  19-2  gives  the  attenuation  correction  factor 
for  a  range  of  rain  rates  and  temperatures. 

Figure  19-19  shows  the  theoretical  maximum  attenua¬ 
tion  coefficients  assuming  a  maximum  snowfall  rate  10  mm 
of  water  per  hour.  Because  snowfall  rates  seldom  exceed 
3  mm  of  water  per  hour,  attenuation  due  to  snow  should 
generally  be  one-third  or  less  the  value. 


19.2.4  Total  Attenuation 

in  addition  to  attenuation  caused  by  precipitation  par¬ 
ticles,  microwave  and  millimeter  wave  transmission  is  af¬ 
fected  by  atmospheric  gases,  water  vapor,  and  cloud  par-, 
tides.  Table  19-3  gives  the  attenuation  as  a  function  of 
wavelength  for  molecular  oxygen  at  293  K.  and  Table 
19-4  gives  correction  factors  for  temperature  differing  from 
293  K.  Table  19-5  does  the' same  for  water  vapor  atten¬ 
uation.  Computer  programs  have  been  written  |see,  for  ex- 


Table  19-3.  Attenuation  due  to  tr.olccular  t).xy^cn  at  a  temperature  of 
293  K  and  a  pressure  of  1 -atmosphere. 


Wavelength 

(cm) 

Attenuation 
(dB  km) 

10.0 

6.5  X  10  ' 

7.5 

7.0  X  10  ' 

3.2 

7.2  X  10  ' 

1.8 

7.5  X  10  ' 

1.5 

8.5  X  10  ' 

1.25 

1.4  X  10  - 

0.8 

7.5  X  10  - 

0.7 

1.9  X  10" 

ample.  Falcone  et  al..  1979]  to  calculate  the  total  attenu¬ 
ation  at  any  frequency,  for  any  input  atmospheric  condition. 
Figure  19-20  is  an  example  of  the  output  from  one  such 
program. 

The  solid  line  (curve  A)  shows  the  attenuation  at  Stand- 


Table  IM,  Correction  factors  for  oxygen  anenuation. 


Temperature 

(K) 

Correction  Factor* 

293 

1.00 

273 

1.19  P- 

253 

1.45  P^ 

233 

1.78  P= 

•P  is  pressure  in  atmospheres. 


Table  19-5.  Water-vapor  attenuation  in  dB  per  kilometer.* 


Wavelength 

(cm) 

Temperature 

293  K 

273  K 

253  K 

233  K 

10 

7  PW  X  10  ' 

8  PW  X  10  ' 

9  PW  X  10  ' 

10  PW  X  10  ' 

5.7 

2.4  PW  X  10-* 

2.7  PW  X  10  ■' 

3.0  PW  X  10* 

3.4  PW  X  10  * 

3.2 

7  PW  X  lO  '* 

8  PW  X  10-* 

9  PW  X  10  * 

10  PW  X  10  * 

1.8 

4.3  PW  X  10-' 

4.8  PW  X  10  ' 

5.0  PW  X  10  ' 

5.4  PW  X  10  ' 

1.24 

2.2  PW  X  10-2 

2.33  PW  X  10-2 

2.46  rw  X  10  2 

2.61  PW  X  10  2 

0.9 

9.5  PW  X  1(7-’ 

1.04  PW  X  10-2 

1.14  PW  X  10  2 

1.26  PW  X  10  2 

•P  is  pressure  in  atmospheres  and  W  is  water-vapor  content  in  grams  per  cubic  meter. 
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^•»£0UENCV 


WAVENUMBER  (CM-l' 


Figure  Adcnuuiion  v^  frequency  for  a  clear  standard  atmosphere. 

a  cloud  of  0.  )8g  m*  LWC.  and  a  2.5  mm.'h  rain  rate  for  a 
1  km  horizontal  path., 


ard  sea  level  conditions  on  a  clear  day.  The  peaks  in  the 
curve  correspond  to  absorption  lines  for  oxygen  and  water 
vapor.  In  general,  there  is  a  steady  increase  in  attenuation 
with  increasing  frequency.  Absorption  because  of  atmos¬ 
pheric  gases  is  negligible  at  centimeter  wave  lengths  (below 
30  GHz).  The  dashed  line  (curve  B)  shows  the  attenuation 
caused  by  cloud  with  a  liquid  water  content  of  0. 18  g  m  '. 
This  is  a  typical  value  for  non-precipitating  stratus  or  al- 
tostratus  clouds.  The  dotted  line  (curve  C)  shows  the  atten¬ 
uation  caused  by  rain  with  an  intensity  of  2.5  mm/hr.  as¬ 
suming  a  simple  exponential  drop  size  distribution.  This  is 
a  moderate  rainfall  typical  of  stratilorm  situations. 

Clouds  and  precipitation  are  important  factors  affecting 
attenuation  of  frequencies  below  300  GHz.  The  cloud  liquid 
water  content  and  the  rainfall  rate  are  critical  parameters 
to  be  entered  into  the  computation.  Although  Figure  19-20 
can  be  useful  in  giving  rough  estimates  of  the  attenuation, 
it  is  necessary'  to  compute  the  attenuations  for  the  desired 
range  of  atmospheric  conditions  at  the  electromagnetic 
wavelength  of  interest  when  predicting  the  performance  of 
a  system. 
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Chapter  20 


ATMOSPHERIC  ELECTRICITY 

Section  20.1  R.C.  Sagalyn  and  H.K.  Burke 
Section  20.2  D.R.  Fitzgerald 


20.1  FAIR  WEATHER  ELECTRICITY 

Electric  fields,  currents,  and  conductivities  as  well  as 
positive  and  negative  ions  of  greatly  varying  size  and  com¬ 
position  constitute  the  principal  electrical  properties  of  the 
atmosphere  in  fair  weather.  Air  mass  motions,  pressure 
systems,  winds,  turbulence,  temperature,  and  water  vapor 
distributions  have  an  important  influence  on  the  electrical 
properties  in  the  troposphere  through  their  control  over  the 
distributions  of  charged  and  uncharged  aerosols  and  radio¬ 
active  particles  of  terrestrial  origin.  These  influences  are 
greatest  in  the  atmospheric  exchange  jayer  which  is  gen¬ 
erally  restricted  to  2.5  km  above  the  earth’s  surface.  In  the 
altitude  region  .10  to  90  km  there  ‘s  a  transition  from  classical 
concepts  of  atmospheric  electricity  to  the  phenomena  of 
ionospheric  physics  chiefly  because. of  the  changing  atmo¬ 
spheric  composition  and  increasing  mean  free  path  resulting 
in  an  increase  in  the  concentration  of  free  electrons.  Recent 
studies  have  shown  that  the  ionosphere,  with  its  relatively 
high  conductivity,  can  no  longer  be  regarded  as  the  upper 
bound  for  atmospheric  electrical  prcKcsses.  The  exact  nature 
of  electrical  coupling  to  the  ionospheric  and  magnetospheric 
regions  is  currently  under  investigation. 

20.1.1  Electrical  Conductivity 

The  lower  atmosphere  is  a  slightly  conducting  medium' 
due  to  the  presence  of  p»)sitive  and  negative  ions.  The  prin¬ 
cipal  sources  of  ionization  include  ( I )  cosmic  radiation.  (2) 
radiation  from  radioactive  subManccs  in  soil,  and  (.1)  radio¬ 
active  gases  produced  by  the  decay  .>f  (2).  Am^pg  them  1 1 ) 
is  mainly  responsible  for  air  conductivity  at  higher  altitudes 
while  (2l  and  (.1|  are  dominant  in  the  lower  atmosphere. 
Table  20-1  shows  average  ion  pair  prixluction  rates  due  to 
radioactivity  and  cosmic  radiation  between  0  and  10  km. 

The  conductivity  <t  of  air  is  defined  as 

ir  =  2  •  (20  I) 

1  1 

where  m  is  the  number  of  different  ion  species  present,  and 
n,.  e,.  and  k,  arc  the  number  density,  charge,  and  mt'btlity 


of  the  i"*  ion  species  respectively.  Small  ions  because  of 
their  low  mass  have  higher  mobility  than  large  ions.  Over 
95%  of  the  total  conductivity  of  the  air  is  contributed  by 
small  ions  so  that 

(T  =  n*  ek^  -b  n.  ek_  (20  2) 

where  n*  and  a.  are  number  densities  of  positive  and  neg¬ 
ative  small  ions  and  k»  and  k_  are  their  mobilities.  The 
mobility  of  an  ion  is  its  velocity  per  unit  electric  field  strength. 
Near  the  earth's  surface,  n  .  *  600  cm‘\  n  =  5(X)  cm'\ 
k.  =  1.3  cm’V  's  '  and  k'  *=  1.6  cm’V  's  '  yielding  a 
conductivity  of  about  2.5  x  lO"'"' ohm  'm  '. 

The  conductivity  of  air  increases  rapidly  with  altitude 
for  the  following  reasons;  ( I )  the  mobility  oif  ions  increases 
as  the  neutral  number  density  decrea.ses  (Figure  20-1).  (2) 
the  presence  of  numerous  large  aerosols  lowers  the  con¬ 
ductivity  of  air  near  the  ground  and  (3)  the  cosmic  radiation 
causes  an  increase  in  the  concentration  of  small  ions  with 
altitude  (Table  20-1). 

To  a  first  approximation,  ion  equilibrium  exists  above 
the  exchange  layer  (that  is.  above  2.5  km)  so  that 
q  =  an’, .  where  q  is  the  net  production  rate  of  small  ions 
and  a  is  the  volume  recombination  coefficient.  If  k,  a  k. 


Tiihie  20>t  Average  um-pair  pnxluction  rates  due  U>  radioactivity  and 
cosmic  radiation  as  a  function  of  altitude  jSagaivn  and  Fitz¬ 
gerald.  IWI- 
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(km) 

Ion  pairs  (cm  ’s  ') 
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Figure  30- 1 .  Mobillly  of  small  positive  or  nepalivd  ions  vs  air  density  or 
altitude,  assuming  Ik  =  1 .4  em’V 's  ‘  at  37.f  K  and  101.1,2.^ 
mb  prcssup.v 


=  k  is  also  assumed,  the  electrical  conductivity  can  then 
be  given  by 

<T  =  2ek  .  (20.3) 

Figure  20-2  shows  the  variation  of  a  with  altitude.  Figure 
20-3  shows  the  computed  variation  of  volume  conductivity 
with  altitude.  Values  of  q  are  derived  from  cosmic  ray 
ionization  rates;  values  of  k  and  u  are  taken  from  Figures 
20-1  and  20-2.  respectively. 

Variations  of  electrical  conductivity  in  the  atmosphere 
as  a  function  of  altitude  have  been  measured  by  a  number 
of  workers.  See  Figure  20-4.  In  this  figure,  curves  2  thnrugh 
5  represent  earlier  experimental  results.  Curve  I  was  cal¬ 
culated  by  Cole  and  Pierce  |I%.*'1  based  on  variations  of 
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Figure  20- .X.  Total  electrical  volume  conductivity  vs  altitude. 


electron  and  ion  concentrations  and  effective  collisional  fre¬ 
quencies  with  respect  to  altitude.  The  curve  I  values  are 
higher  than  the  others  probably  because  Cole  and  Pierce 
neglected  large  ions.  Curve  2  was  compiled  by  Sagalyn 
11965)  from  experimental  results  prior  to  1963.  Curves  3, 
4.  and  5  were  obtained  from  measurements  of  Paltridge 
1 1965),  Mozer  and  Serlin  (1969),  and  Morita  et  al.  [1971), 
respectively.  Curves  6.  7,  and  8  show  more  recent  mea¬ 
surement  over  Laramie.  Wyoming;  Hilo,  Hawaii;  and  San- 
riku.  Japan,  respectively.  The  Laramie  measurements  were 
obtained  as  part  of  an  international  effort  on  Atmospheric 
Electrical  Measurements  in  1978  (Rosen  ct  al.,  1980).  The 
1978  measurements  over  Laramie  are  similar  to  results  ob¬ 
tained  at  the  same  location  in  I9V4  and  1975  [Takagi  et  al., 
1980).  Positive  and  negative  ion  density  measurements  were 
combined  and  smoothed  to  provide  the  total  conductivity 
(curve  6).  Takagi  et  al.  1 1980)  also  published  conductivity 
profiles  for  Sanriku.  Japan  (1973-1975)  and  Hilo,  Hawaii 
(1975)  (curves  7  and  8). 

The  differences  in  the  conductivity  profiles  of  Figure 
20-4  are  largely  due  to  the  latitude  of  measurement  envi- 
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iK)  Takaei  et  al  |I*?KiiJ  tor  Hito,  Hawaii 
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Figure  20-5.  Number  density  uf  small  positive  or  negative  ions  vs  altitude 
computed  from  q  =  a  nl .  The  variation  with  latitude  il¬ 
lustrates  the  effect  of  cosmic  rays  on  production  rates. 
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netic)  and  Hilo  (20°  geomagnetic).  Figure  20-6  shows  the 
variation  with  latitude  of  the  average  (base)  electrical  con¬ 
ductivity,  the  latitude  variation  following  a  solar  flare,  and 
that  expected  as  a  result  of  Forbush  decrease  [Hays  and 
Roble,  1979], 

The  conductivity  variation  with  altitude  is  approximated 
by  the  relation 

a(z)  =  p-Q  exp  (2kz),  (20.4) 

where  (2  k)"'  is  defined  as  the  scale  height  of  conductivity. 
It  varies  typically  between  5  and  6  km.  The  conductivity  at 
the  surface,  <To,  varies  between  1  and  3  x  l(r'°  ohm''  m  '. 


20.1.2  Electric  Field 


ronmental  conditions  at  the  time  of  measurement,  and  the 
data  base  upon  which  the  curves  were  derived.  For  example, 
curve  2  (Sagalyn,  l%51  is  based  on  the  results  of  approx¬ 
imately  100  aircraft  and  balloon  flights.  A  large  percentage 
of  the  flights  were  conducted  in  the  industrial  nonlicastem 
part  of  the  U.S.  where  significant  aerosol  concentrations 
exist  throughout  the  troposphere. 

The  differences  in  the  more  recent  measurements  (curves 
6  to  8)  can  probably  be  attributed  to  the  latitude  variation 
of  cosmic  ray  intensities  which  in  turn  affect  the  small  ion 
concentration.  See,  for  example.  Figure  20-5.  Because  the 
conductivity  is  roughly  proportional  to  the  square  root  of 
the  small  ion  concentration  (Equation  (20.3)),  the  conduc¬ 
tivity  at  Laramie  (50°  geomagnetic)  is  expected  to  be  ap¬ 
proximately  twice  as  large  as  that  at  Sanriku  (29°  geomag- 


LATITUOE  (DEGREES) 


In  fair  weather  areus  the  horizontal  components  of  the 
field  are  small  compared  to  the  vertical  component  so  that 
the  atmospheric  electric  field  E  can  be  defined  as 

dV 

E  =  (20.5) 

where  V  is  the  electric  potential  and  Z  is  the  altitude.  The 
atmospheric  electric  field  is  directed  vertically,  the  potential 
gradient  decreases  with  increasing  altitude,  and  the  field  ty 
the  electrostatic  definition  is  negative  (field  vector  directed 
downward).  Computed  from  the  current  density  and  mo¬ 
bility,  Figure  20-7a  shows  the  expected  electric  field  as  a 
function  of  altitude.  Figure  20-7b  shows  the  average  value 
and  variatii  n  of  a  measuneJ  electric  field  as  a  function  of 
altituc:  [Sagalyn.  1965). 

Large  scale  mappings  of  the  atmospheric  elec&ic  field 
which  took  into  account  the  variational  propterty  of  air  con¬ 
ductivity  were  carried  out  by  Holzer  and  Saxon  [  1952]  and 
Aiiderson  and  Freier  [|%91.  These  models  do  not  extend 
into  the  ionosphere  where  the  conductivity  has  a  tensor 
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'^ipire  20-6  Relativf  variaiion  of  electricat  (.onductivity  wiih  lat.  Figure  20-7i  F.leciric  field  vs  altitude,  Ksuming  a  conduction  current 

hide  for  different  environmental  conditions,  lal  solar  flare.  density  of  2.7  x  10  A  m  '  and  using  values  of  a  from 

(b)  Forbush  Decrease  (Hays  and  Roble,  19t9)  Figure  20-2. 
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rigurc  20- 7b.  value  and  maximum  variallim  of  eleviric  field  as 

a  funclion  of  altitude  in  over  XO  aiieraft  and  balloon  flights 
in  the  eastern  L'.S  (Sagalyn.  I%5|. 


rather  than  a  scalar  form.  Park  and  Dejnakarintra  (I973| 
mapped  thundercloud  electric  fields  at  middle  and  higher 
latitudes.  The  electrical  conductivity  was  represented  as  an 
exptmeniial  function  of  altitude,  and  the  anisotropy  of  air 
was  taken  into  account  above  70  km.  The  high-latitude 
magnetic  field  lines  were  assumed  to  be  vertical  below  150 
km  and  numerical  st'lutions  were  derived  for  both  the  at¬ 
mosphere  and  ionosphere. 

Assuming  an  expvinential  increase  in  conductivity  with 
altitude,  the  basic  equations  for  the  atmospheric  electric  field 
can  be  expressed; 

iT(/)  =  (r„exp(2kz)  (20.4) 


Ex  =.  0. 

E,  =  0,  and  (20.9) 

_  Vo- 2k 

where  Vq  is  the  total  potential  difference  between  the  top 
of  the  atmosphere  and  the  earth's  surface  and  H  is  the  upper 
boundary  pf  the  atmosphere.  In  the  solution  for  the  fair 
weather  electric  field,  oniy  the  vertical  component  exists. 

Defining  Eo  =  -|V,)  •  2k/(l  -  e‘^'‘”)I  as  the  field  in¬ 
tensity  near  the  ground,  the  fair  weather  electric  field  can 
be,  re  written  as 

E,  =  Eoe-^'‘'.  (20.10) 

The  average  observed  values  of  Eo  over  land  is  about 
130  V/m  in  fair  weather.  Based  on  this  value,  the  electric 
field  at  the  70  km  level  is  0. 1  mV.'m  to  1  niV/m.  This  is 
the  same  order  of  magnitude  of  electric  fields  cf  magne- 
tospheric  origin.  During  disturbed  weather  conditions,  much 
larger  fields  have  been  observed. 


20.1.3  Currents  and  Space  Charge 

20. 1 .3. 1  Air>Earth  Conduction  Current.  As  a  result  of 
the  existence  of  predominately  vertical  electric  field  in  the 
presence  of  positive  and  negative  atmospheric  ions,  a  current 
is  constantly  flowing  to  the  earth’s  surface.  This  current  is 
called  the  air-earth  conduction  current.  The  vertical  con- 
ductiofi  current  density  j  is  defined  by 

j  =  V/R,.  =  crE.  (20.11) 


V  X  E  =  0.  or  E  =  -  V<|)  (20.6) 


where  <l>  is  the  electric  potential  with  respect  to  the  earth’s 
surface. 

The  potential  equation  is 


Ik  -  ‘l>  = 
(V 


(20.7) 


where  f  is  the  km'wn  source  distribution  In  fair 

weather  there  is  no  charge  source  and  the  pxrtential  equation 
reduces  to 


r-  -  2k  a>  =  0.  (20.8) 

(W 

.Applying  appropriate  U'undarx  conditions,  the  fair 
we.ither  electric  held  corlponents  can  be  expressed  as  fol¬ 
lows; 


The  potential  difference  between  the  earth  and  the  upper 
atmosphere  conducting  layers  V  is  -  ^  E  dZ.  The  resis¬ 
tance  of  a  vertical  air  column  per  unit  area  R^.  is  £  dZ/a. 

Conservation  of  charge  and  continuity  considerations  re¬ 
quires  that  the  current  along  the  column  be  nearly  constant. 
The  conduction  current  density  is.  therefore,  the  net  vertical 
current  due  to  positive  ions  flowing  downward  and  negative 
ions  flowing  upward  in  the  atmosphere.  Measurements  show 
that  despite  large  variations  in  the  electric  field  and  atmo¬ 
spheric  conductivity,  the  air-earth  conduction  current  is 
comparatively  stable  (Table  20-2).  The  mean  value  of  air- 
earth  current  density  from  annual  observations  is  2.3  pA 
(picoamps)'nr’  over  continents  and  3.3  pA/m’  over  oceans 
I  Israel  and  Doleralek  I973|.  The  zonal  distribution  given 
in  Table  20-2  was  derived  by  Hogg  119.50) 

The  mean  diurnal  variation  of  the  air-earth  current  den¬ 
sity  for  10  continental  stations  derived  from  data  obtained 
over  at  least  one  year  is  given  in  Figure  20-8  The  diurnal 
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Table  20-2.  Zonal  dlMribulions  of  air-earth  current  densities> 


Latitude  Zone 

.  Mean  Current  Density 
(pA/m*) 

.Arctic 

3.0 

Northern  temperate  zone 

2.1 

Tropics 

2.6 

Southern  temperate  zone 

2.4 

Antarctic 

3.0 

variations  are  given  in  percentages  to  facilitate  contparisons 
Ilsrael  and  Dolezalek,  I973|.  The  early  morning  increase 
in  current  density  is  attributed  to  the  "sunrise  effect”  also 
observed  by  Burke  and  Few  (I978|.  LxKal  effects  such  as 
visibility,  fog.  and  humidity  can  also  reduce  the  current 
density.  Figure  20-9  shows  some  recent  direct  measure¬ 
ments  of  air-earth  current  density  at  different  altitudes  and 
locations.  There  are  other  atmospheric  currents  such  as  the 
convection  current  that  should  be  distinguished  from  the 
conduction  current. 


20.1.3.2  Convection  Current.  In  regions  where  a  space 
charge  exists  (excess  of  ions  of  one  sign),  movement  of  air 
produces  a  transfer  of  charge  that  can  be  defined  as  a  con¬ 
vection  current  density  ji 


j.  =  pv«A„— .  (20.12) 


Figure  20-8.  Meun  diumal  variation  of  the  air-earth  current  density  (ac¬ 
cording  tt)  data  iiver  at  least  one  year)  at  10  stations  in 
percentage  representation.  The  stations  have  been  arranged 
according  to  geographic  latitude  The  am.>ws  on  the  time 
axis  represent  0  h  GMT:  (a)  Fairbanks.  Ah'ska:  (b)  I'ppsala. 
SNseden:  (c)  Potsdam.  F.  Germany,  id)  Kew.  England,  (e) 
Chambon-la-Foret.  France:  if)  Buchau.  Germany;  (g)  Tuc¬ 
son.  Ariroiia;  lh»  Huantaso,  Peru:  (i‘  Bandung.  Ind«mcsia; 
and  (k)  Waihcn>o.  W.  Australia  (Israel  and  IVIezalck.  W73) 
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Figure  20-9.  Direct  measurements  of  the  air-earth-currem  as  repsirtcd  by 
several  different  groups: 

1978  I  Laramie  Measurements  (Rosen  et  al..  I980| 
1974  Houston  Measurements  |Buri(e  and  Fc'v.  I97X| 
1964-67  Stratospheric  Measurements  (Uchikawa.  19721 


where  p  is  the  space  charge  per  unit  volume,  v  is  the  •  ertical 
air  velocity,  and  A„  is  the  coefficient  of  eddy  diffusion. 
Space  charge  densities  and  gradients  large  enough  to  sig¬ 
nificantly  influence  the  vertical  current  occur  primarily  in 
the  exchange  (Austausch)  layer,  where  considerable  mixing 
occurs  and  greatly  varying  quantities  of  charged  nuclei  are 
introduced  into  the  atmosphere.  Throughout  this  chapter, 
nuclei  refer  to  molecular  aggregates  that  may  or  may  not 
act  as  condensation  nuclei  depending  on  their  chemical  com¬ 
position. 

Aspinall  1 1972)  showed  that  the  conduction  current  and 
mechanical  transfer  currents,  which  include  the  convection 
current,  are  about  the  same  order  of  magnitude  in  the  ex¬ 
change  layer.  Convection  currents  comparable  to  or  greater 
than  the  conduction  cunon'  have  b,'en  observed  below  0.015 
Km  [Smith.  I958|. 

The  space  charge  density  p  is  related  to  the  field  and  to 
the  potential  through  Poisson's  equation 


dE  ^  d-V 
dZ  “  dZ- 


-4  Trp 


(20.1.1) 


in  cgs  electrostatic  units. 
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20.1.3.3  Displacement  Current.  A  displacement  cur¬ 
rent  exists  when  the  electric  held  (potential  gradient)  changes 
with  time. 

Jjispliccmenl  “ 

Thus,  when  there  exists  a  signihcant  variation  of  the  electric 
held  with  time,  instantaneous  measurements  of  the  air-earth 
current  will  be  made  up  of  the  sum  of  the  displacement 
current  and  the  conduction  current. 

20.1.3.4  “Electrode  Effect.”  As  a  result  of  the  earth's 
negative  charge,  negative  ions  drift  upward  near  the  surface 
of  the  earth  and  unless  they  are  replaced  by  negative  ions 
from  radioactive  substances  in  the  ground  they  will  leave  a 
region  of  net  positive  charge  near  the  surface.  This  phe¬ 
nomena  is  referred  to  as  the  "electrode  effect."  Hoppel  j  l%9j, 
comparing  theories  of  the  atmospheric  electrode  effect  with 
the  experimental  observations  of  Crozier  |l%5),  Gathman 
1 1%7|,  and  Muhleisen  1 1961 1  concluded  that  within  the  first 
quarter  of  a  meter  above  ground  there  is  a  region  of  positive 
space  charge.  Above  that  height,  positive  ions  are  balanced 
by  an  upward  flow  of  negative  ions  from  radioactive  .wurces. 
The  reverse  of  the  normal  electrode  effect  is  sometimes 
observed  on  quiet  nights  due  to  the  trapping  of  these  radio¬ 
active  ions.  Over  water  or  over  the  polar  caps  the  electrode 
effect  is  observed  to  extend  to  higher  altitudes  due  to  the 
absence  of  ions  from  radioactive  sources. 

20.1.3.5  Earth  Charge  and  Worldwide  Current 
System.  The  total  conduction  current  flowing  to  the  earth 
at  any  given  time  is  approximately  1800  amperes.  As  a 
result  of  this  current,  the  bound  negative  charge  of  the  earth 
(about  500  000  C)  would  be  neutralized  in  less  than  half  an 
hour.  The  net  charge,  however,  remains  nearly  constant. 
Thunderstorms  and  lightning  shower  clouds  are  the  most 
likely  mechanisms  for  the  maintenance  of  the  earth’s  charge. 
Stergis  1 1 957 1  found  that  thunderstorm  and  shower  clouds 
act  as  generators,  driving  current  upward  in  the  reverse 
direction  to  the  current  flow  in  fair  weather  areas.  Lightning 
discharges  are  also  found  to  carry  negative  charges  to  earth 
in  large  amounts  for  short  periods  of  time.  It  is  estimated 
that  a  large  portion  of  the  I  S(X)  ampere  global  conduct!  m 
current  is  balanced  by  the  charge  of  opposite  sign  transferred 


by  the  lightning  activity  of  thunderstorms  throughout  the 
world. 

It  should  be  noted  that  the  potential  gradient  in  undis¬ 
turbed  fair  weather  areas  has  the  s'tme  diurnal  variation  over 
all  the  earth  when  referred  to  universal  time  [Mauchly. 
1923).  This  diurnal  variation  is  in  phase  with  the  diurnal 
variation  of  worldwide  thunderstorm  activity.  The  potential 
gradient  in  undisturbed  areas  is  proportional  to  the  total 
potential  difference  between  the  earth  and  ionosphere.  The 
magnitude  of  this  potential  difference  is  275  ±  50  kV. 


20.1.4  Atmospheric  Ions 

20.1.4.1  Definition  and  RelaHons.  Atmospheric  ions  are 
divided  into  four  main  groups  according  to  their  size  and 
mobilities;  small  positive  and  negative  ions,  n.  and  n.,  and 
large  positive  and  negative  ions  (also  referred  to  as  charged 
,  nuclei).  N|  and  N2.  Table  20-3  gives  the  range  of  mobilities 
and  radii  of  atmospheric  ions. 

The  continuity  equations  for  the  production  and  destruc¬ 
tion  of  ions  may  be  written 


=  q,  -  on  +  n,  -  tii^n  +  n.  -  ■n.„n  +  Ny,  (20.14) 


=  q.  -  on.n_  -  q.in.N]  -  qain  N„.  (20.15) 


=  Oi  -  Tlion.N,,  -  T)2in.N|  -  -yNiNj.  (20.16) 


-if  =  Q:  -  ■qn-N.,  -  qisn.N:  -  yNiNV.  (20.17) 
dt 


where  qi  and  q;  are  net  production  rates  of  small  ions  due 
to  radioactive  emanations  from  the  earth’s  surface,  cosmic 
radiation  anu  diffusion,  and  Qi  and  Q.  are  net  production 
rates  of  large  ions  due  to  ionizing  s<rurces  and  diffusion 
(qi  =  q.  and  Q,  =  Q;).  N„  is  the  concentration  of  neutral 
nuclei.  The  volume  recombination  coefficient  for  small  ions 
is.  in  r's  '. 


a  =  1.75  X  10 


(2M>  '-f(Y). 


(20.18) 


Tahic  Mobiliiy  and  size  rantic  tif  almtisphcric  ions 


Ions 

Mobility 

(cmV'V') 

Radius 

(cm) 

Small 

1  to 

6.6  X 

10  ”  to  7.8 

X 

10  = 

Average  large 

10  ’  to  10  = 

7.8  X 

10  =  to  2.5 

X 

10  '■ 

Langevin 

2.5  X  10  ^  to  10  ‘ 

2.5  X 

10  to  5.7 

X 

10 

Ultra  large 

<  2.5  X  10  ' 

>  5.7 

X 

0 

> 
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wherr  T  is  the  temperature  in  K.  M  is  the  molecular  Weight 
of  the  .ons  in  atomic  mass  units,  and  f(Y)  is  the  probability 
function. 

f(Y)  =  1  -  4Y^[1  -  (Y  +  De  '^p.  (20.19) 

and 

(ts)  (r)- 

P  is  the  pressure  in  mm  and  La/L  is  the  ratio  of  the  mean 
free  path  of  a  molecule  to  that  of  an  ion  at  normal  temper¬ 
ature  and  pressure;  for  air.  La/L  =  3.  Table  20-4  gives 
values  of  f(Y)  for  Y  between  0  and  2.5.  The  variation  of 
a  with  altitude  was  shown  previously  in  Figure  20-2. 

The  attachment  coefficients  are  Hi2  for  collisions  be¬ 
tween  small  positive  and  large  negative  ions,  t)2i  for  col¬ 
lisions  between  small  negative  and  large  positi\’e  ions, 
T)|()  for  collisions  between  small  positive  ion  and  a  neutral 
nucleus,  and  for  collisions  between  a  small  negative 
ion  and  a  neutral  nucleus.  Bricard  (I949|  derived  expres¬ 
sions  for  these  attachment  coefficients  as  a  function  of  the 
charge  and  radius  of  the  nuclei  and  mobility  and  diffusion 
coefficient  of  the  small  ion.  The  diffusion  coefficients 
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of  small  positive  and  negative  ions  a,c  approximately  equal, 
therefore 

“nu  “  ■q’l  =  4  irD  a/I  ({,  p),  (20.21) 

1)20  “  1)10  =  4  irD  a/I  ({,  o).  (20.22) 

where  D  is  the  average  value  of  the  small  diffusion  coef¬ 
ficient,  a  is  the  radius  of  the  interacting  charged  or  uncharged 
nucleus,  and  I  ({.  p)  is  a  dimensionless  parameter  that  con¬ 
tains  the  dependence  of  the  attachment  coefficient  on  the 
radius  and  charge  of  the  nucleus. 


(5.  p)  =  J'  X-^ 


exp 


[-<5 


1 


2  (X' 


-)1  dX 

»/J 

(20.23) 

where  p  is  the  number  of  elementary  charges  on  the  large 
ion,  5  =  ek/Da  in  cgs  electrostatic  units,  or  5  =  ek/4  it  e„ 
Da  in  mks  units  (k  .s  small-ion  mobility),  and  X  =  r/a, 
where  r  is  the  radius  of  a  sphere  Of  influence  centered  on 
the  nucleus.  Figure  20-10  gives  values  of  1  ({,  p). 

In  Equations  (20  16)  and  (20.17),  y  is  the  combination 


Table  20-4.  Probability  fiirKtiun  f  (Y)  from  Equation  (20.20). 


Y 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

0.03 

0.03916 

0.04044 

0.04172 

0.04299 

0.04426 

0.04553 

0.041)80 

0.04806 

0.04933 

0.05059 

ao4 

0.05185 

0.05311 

0.05437 

0.05562 

0.05688 

0.05813 

0.05938 

0.06063 

0.06187 

0.06312 

0.05 

0.06436 

0.06560 

0.06684 

0.6808 

0.06932 

0.07055 

0.07179 

0.07302 

0.07425 

0.07547 

0.06 

0.07670 

0.07792 

0.07914 

0.08037 

0.08158 

0.08280 

0.08402 

0.08523 

0.08644 

0.08765 

0.07 

0.08886 

0.09007 

0.09127 

0.09248 

0.09368 

0.09488 

0.01608 

0.09727 

.  0.09847 

0.09966 

OXK 

0.1009 

0.1020 

0.1032 

0.1044 

0.1056 

0.1068 

0.1680 

0.1091 

0.1103 

0.1115 

0.09 

0.1127 

ail38 

0.1150 

0.1162 

01174 

0.1135 

0.1197 

0.1209 

0.1220 

0.1232 

0.1 

0.1243 

0.1358 

0.1472 

0.1583 

0.1694 

0.1802 

0.1910 

0.2015 

0.2119 

0.2222 

0.2 

03324 

03423 

0.2522 

0.2619 

0.2715 

0.2809 

0.2903 

0.2994 

0.3085 

0.3175 

0.3 

03263 

0.3350 

0.3435 

0.3520 

0J603 

0.3686 

0.3767 

0.3847 

0.3926 

0.400t 

0.4 

0.4080 

0.4156 

0.4231 

0.4304 

0.4377 

0.4449 

0.4519 

0.4589 

0.4658 

0.472b 

0.5 

0.4793 

0.4859 

0.4924 

0.4988 

0.5051 

0.5114 

0.5175 

0.5236 

0.5296 

0.5355 

0.6 

03414 

0.5471 

0  5528 

0.5584 

0.5639 

0.5694 

0.5748 

0.5801 

0.5853 

0.5905 

0.7 

03956 

0.6006 

0.6056 

0.6105 

0.6153 

0,6201 

0.6248 

0.6294 

0.6340 

0.6385 

0.8 

0.6430 

0.6474 

0.6517 

0.6560 

0.6602 

0.6644 

0,6685 

0.6726 

0.67:6 

0  6805 

0.9 

0.6844 

0.6883 

0.6921 

0.6958 

0.6995 

0.7032 

0.7068 

0.7103 

0.7138 

0.7173 

1.0 

a7207 

0.7241 

0.7274 

0.7307 

0.7339 

0.7371 

0.7403 

0.7434 

0.7465 

0.7495 

1.1 

0.7525 

0  7555 

0.7584 

0.7613 

0.7641 

0.7669 

0.7697 

0.7724 

o.7-;5i 

0.7778 

Idt 

0.7804 

0.7830 

0.7856 

0.7881 

0.7906 

0.7931 

0.7955 

0.7979 

0.81103 

0.8027 

13 

0.8050 

0.8072 

0.8095 

0.8117 

0.8139 

0.8161 

08182 

0.8203 

0824 

0.8245 

1.4 

03265 

0.8285 

0.8305 

0.8325 

0.8344 

0.831)3 

0.8.382 

0.8401 

0.8419 

0.8437 

13 

0.8455 

0.8473 

0.8490 

0.8508 

0.8525 

0.8541 

0.3558 

0.8574 

0.8591 

0.8607 

1.6 

0.8623 

0.81)38 

0.8654 

0.81)69 

0.8684 

0.81)99 

0.8713 

0.8728 

0.3742 

0.8756 

1.7 

03770 

0.8784 

0.8796 

0.8811 

0.8824 

0.8837 

0.8850 

0.8863 

0.8876 

0.8888 

13 

0.8901 

0.8913 

0.8925 

0.8937 

C.8948 

0.8'X)0 

0.8971 

0.8983 

(1.8994 

0.9005 

1.9 

0.9016 

0.9027 

0.9037 

0.9048 

0.9058 

0.9068 

0.9079 

0.9089 

9.9098 

0.9108 

2.0 

0  9118 

0.9127 

0.9137 

0.9141) 

9.9154 

0.9165 

0.9174 

0.9182 

0.9191 

0.9200 

2.1 

0.9208 

0.9217 

0.9225 

0.92.33 

0.9242 

0.92,50 

0.9258 

0.92t  6 

0.927.3 

0.9281 

2.2 

0.9289 

0.9296 

0.9.304 

0.9.31 1 

0.9.318 

0.9325 

0.9.3.32 

0.93.39'  . 

0.9,346 

0.9353 

23 

0.93ffl 

0.9;i67 

0.9373 

0.9;»80 

0.9.381) 

0.9.393 

0,9.399 

0.9405 

0.9411 

0.9417 

2.4 

0.9423 

0.9429 

0.94,35 

0.9441 

0.9447 

0.9452 

0.9458 

0.9464 

0.94f)9 

0.9475 
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Fijzurc  20*10  Puramctcr  I  (^.p)  for  Bquation^i  (20.21)  and  (20.22):  p  is 
.he  number  of  pt>siiivc  or  negative  elementary  charges  on 
the  large  ion:  and  {  is  a  dimensionless  parameter. 

coefficient  for  collisions  between  large  ions  of  opposite  sign 
with  a  value  of  approximately  10  ''  cm's  '.  This  is  three 
orders  of  magnitude  less  than  the  value  of  the  attachment 
coefficients  so  that  terms  containing  y.  therefore,  can  usu¬ 
ally  be  neglected. 

20.1.4.2  Positive  Ion  Chemistry  and  Composition  in  th? 
Stratosphere  and  Troposphere.  A  positive  ion  reaction 
scheme  for  the  stratosphere  and  tn)posphere  is  given  in 
Figure  20-1  la  and  b  {Ferguson.  1979).  It  is  essentially  the 
O. '  reaction  sequence  iif  the  D-region  ptisitive  ion  chem¬ 
istry'  augmented  by  reactions  that  inva)|ve  some  of  the  minor 
consiituei'ts  of  the  Umer  atmosphere,  .See  also  Chapter  21 . 

Variations  of  typical  ionization  prtxiuction  rates  in  the 
troposphere  are  shown  in  Figure  20- 12,  Values  of  less  than 

20-S 


Figure  20.11a.  Stratospheric  positive  ion  ehemisLy  [Ferguson  et  al',.  1979), 

1  to  more  than  20  ion  pairs  cm‘’s  '  occur  In  the  stratosphere. 
The  ambient  concentration  of  positive  ions  is  determined 
by  the  recombination  rate  with  negative  ions.  The  ion  con¬ 
centration  in  the  lower  stratosphere  has  been  found  to  have 
a  value  of  about  5  x  10’  cm*’.  Positive  ion  lifetimes  are 
on  the  order  of  a  few  thousand  seconds. 

As  shown  in  Figure  20- 1 1  a  and  b.  the  initial  products 
of  the  ionization  below  60  km  are  predominantly  No  *  and 
O.  with  lesser  amounts  of  O''^  and  N* .  These  ions  are' 
rapidly  converted  to  O.'".  as  well  as  an  inconsequential 
amount  of  NO’ .  by  well-established  reactions.  Once  formed, 
the  O.  *  ions  assiKiate  with  O. 

O,’  -F  O.  -F  M  Oo  •  O.*  -F  M.  (20.24) 

The  formation  of  O.  ’  •  O.  begins  a  series  of  fast  switching 
reactions  (see  Figure  20-1  lb)  that  involve  H.O  and  leads  to 
the  formation  of  the  water  cluster  ions.  H<0’  •  nH.O. 

In  the  troposphere,  where  the  H.O  mixing  ratio  is  about 
10  the  conversion'  of  O.’'  ■  O.  to  O;*  •  H.O  proceeds 
so  rapidly  that  the  reacting  raies  outlined  must  lead  to  the 
water  cluster  ions.  However,  in  the  stratosphere,  where  the 
HT)  mixing  ratio  is  of  the  order  of  10  other  neutral  con- 
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Figure  20-1  lb.  0-rcgi<m  positive  ion  chemistry  |Fergus»),:  et  al..  I979I. 


stituents  have  compardble  abundances.  COs  has  a  much 
larger  concentration  and  O.i  and  CHj  concen*'‘ations  are 
comparable  with  that  of  H^O.  If  Os  *  •  Os  reacts  with  any 
of  these  neutrals,  then  the  ion  chemistry  outlined  in  Figure 
20-1 1  might  be  significantly  altered. 

These  Oj  *  •  Os  reactions  have  been  examined  and  the 
results  are  given  in  Table  20-5.  The  first  entry  is  the  fast 
reaction  against  which  the  alternative  paths  must  compete. 
In  contrast,  the  reaction  of  O:  ’  •  O:  with  CHj  is  very  slow. 
The  reactions  of  O:  •  O-  with  COs  and  0»  were  studied 
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Figure  20-12.  Ion-pair  prtvIiKiion  rales  due  lo  wilar  prisons;  (I)  Polar 
capabvsptioniPCAl.  I  |/2f>9;  (2)  PCA.  X/4;72;  I.SOO- IWK) 
UT;  (.1)  K'A.  X/4/72.  I.SnS  L'T;  (4)  PCA.  K/4/72.  2200 
UT;  I.S)  PCA  9/29/61;  (6)  SSMIN  (sunspis  minimum)  ga- 
laelic  cosmic  rays;  (7)  .SSMAX  (sunsptS  maximum)  ga¬ 
lactic  cosmic  rays;  and  (K)  precipilaling  electrons  in  a  hard 
aunsa  {Herman  and  Goldberg.  i97Ka|. 


in  equilibrium  and  the  thermochemical  constants  are  given. 
However,  the  exothermicity  for  the  reaction  involving  O, 
is  much  larger;  therefore,  the  Os  ‘  ■  COs  and  Os'^  •  Oi  ion 
concentrations  will  be  more  comparable.  The  Os  *  •  O,  con¬ 
centrations  are  estimated  to  never  drop  below  one  tenth  of 
the  Cj  ‘  •  O;  concentration  and  even  equal  it  at  30  km.  This 
means  that  the  Os  *  •  Or  chemistry  must  also  be  considered. 

Recently,  the  fir  t  stratospheric  ion  composition  mea¬ 
surements  were  made  in  rocket-borne  mass-spectrometer 
flights.  Three  high-latitude  studies  sampled  the  positive  ions 
during  descent  through  the  altitude  range  55  to  35  kn. 

Above  45  km.  the  substantial  signal  levels  permitted 
high  resolution  identification  of  the  water  cluster  ions 
HiO*  •  nH:0  with  n  =  9.  1.2.  and  3  as  the  dominant 
species  in  thi .  region.  A  rather  sharp  transition  at  aberut  45 
km  was  reported  from  the  water  cluster  ions  to  ions  with 
e/m  ratios  of  29  ±  2.  ^2  ±  2.  60  ±  2,  and  80  ±  2.  In 
the  region  below  this  altitude,  the  cluster  ions  that  do  not 


T;<blc  20-5.  O;  ■  rcuulions  with  H,'0.  Cha.  CO,.,  and  O.  t.tOO  K). 


Reactions 

Result” 

St'iirce 

1.  0:"  O:  -h  HiO  -»  0.*  •  H.O  +  O. 

k  =  l.5(  -9)  cm' s  ' 

Howard  ct  al.  ( 1972. 

2.  Oj  ■  O:  +  CHj  products 

k  <  3(-  12)  cm'  s  ' 

Dotan  et  al.  ( !6;'s)  I 

3.  O/  •  0:  -1-  CO:  O:  •  CO.  +  O. 

.IH  =0.3  ±  1.0  kcal  mole  ' 

AS  =  4.3  ±  2.6  cal  mole  'K  ' 

Dotan  ci  al.  ( 197 

4.  O.*  •  0:  +  O.  O:  ■  O.'  •  0,  -  0: 

AH  =  -3.7  ±  1.0  kcal  mole  ' 

AS  =  4.5  i;  2.6  cal  mole  '  K  ' 

Dotan  et  al.  (1978) 
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contain  HjO  become  the  dominant  species.  More  recent 
balloon  flights  indicate  that  water  cluster  ions  are  the  major 
species  at  35  km.  Other  ions  were  observed  in  appreciable 
concentration,  in  particular' ions  with  an  e/m  ratio  of  %  ±  2. 

The  observation  of  water  cluster  ions  as  the  dominant 
species  down  to  altitudes  of  45  km  or  below,  have  been 
formed  undoubtedly  by  the  chemistry  describtd  in  Figure 
20- 1 1  a.  Those  observations  piace  ppper  limits  on  the  neutral 
molecules  that  react  rapidly  with  H,0*  •  nHjO  ions. 

There  is  a  clear  need  for  more  detailed  measurements 
of  stratospheric  ard  tropospheric  positive  ions  with  instru¬ 
ments  of  higher  mass  resolution.  Ibere  is  also  a  need  for 
measurements  o'"  the  r  nical  neutral  constituents  for  the  ion 
chemistry,  such  N.  OH. 

20.1.4.3  Negative  Ion  Chemistry  and  Composition  in 
the  Stratosphere  and  Troposphere.  The  negative  ion 
chemistry  of  the  stratosphere  and  troposphere  is  even  more 
speculative  than  the  positive  ion  chemistry  of  these  regions. 
In  addition  to  there  being  few  measurements  of  the  trace 


Recombination  with 
Positive  Ions 


Figure  20-1.'  Reuciion  M.hcmc  I'l  D  region  negative  ion  chemistry  |Fcr- 
gUNon.  I979J. 
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neutrals  involved,  only  one  negative  ion  composition  meas¬ 
urement  has  so  far  been  reported.  Furthermore,  the  D-region 
measurements  from  which  one  could  could  draw  guidance 
are  relatively  sparse  and  somewhat  ambiguous  at  present. 
Thus,  our  present  understanding  of  the  negative  ion  pro¬ 
cesses  in  the  stratosphere  stems  largely  from  laboratory 
studies. 

The  approach  of  Ferguson  ( 1979]  has  been  to  start  with 
the  D-region  negative  ion  chemistry  given  in  Figure  20-13 
and  modify  it  to  be  in  accordance  with  the  expected  dif¬ 
ferences  111  neutral  composition  of  the  two  regions.  Then 
one  must  look  first  for  possible  changes  in  the  chemistry 
that  leads  to  the  NOf  ions  and  then  consider  whether  these 
ions  would  react  with  trace  neutral  species  that  are  suspected 
in  the  low^r  atmosphere  to  form  even  more  stable  ions. 

The  first  necessary  modification  of  the  D-region  scheme 
is  to  disregard  the  reactions  of  atomic  oxygen,  whose  con¬ 
centration  below  50  km  is  negligible  in  comparison  to  that 
of  0.1.  In  addition.  NO  will  no  longer  play  a  role.  Further¬ 
more.  the  rapid  formation  of  cluster  ions  can  Si'ongly  alter 
the  evolution  of  ion  chemistry.  For  example,  '"le  reaction 
of  0.1  with  CO2  is  known  to  decrease  rapic  >  with  Oi 
hydration.  Because  HjO  bonds  more  strongly  10  03“  than 
to  CO3'  this  reaction  may  become  endothermic  when  Oi' 
becomes  heavily  hydrated.  In  the  lower  atmosphere,  O.3 
hydration  is  likely  to  occur  before  the  reaction  pf  O3  with 
CO,. 

The  reaction  scheme  based  on  these  considerations  is 
shown  in  Figure  20-14.  Ihe  dashed  lines  represent  places 
of  considerable  uncertainty.  For  example,  it  is  not  clear 
whether  O,  •  nH.O  ions  will  react  with  O3.  as  do  the  i-n- 
clustered  O,  ions.  The  situation  with  O3  ■  nHjQ,  O3  ,  and 
CO,  is  the  same:  namely,  the  hydrated  ions  may  not  follow 
the  same  reaction  paths  as  the  unhydrated  ions. 


Figure  20- !4.  Slralospheric  and  trop«>sphcric  negative  iem  chcmibtrv  (Fer¬ 
guson  cl  al..  1979]. 


cnAriEaii  M 

Table  20  7.  Summary  ol  lightning  charges,  altitudes,  and  mon.ent  charges  in  various  geographical  locations.  (Jacobson  and  Krider.  1976|. 
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However,  even  if  the  paths  that  lead  to  NO,"  are  some¬ 
what  uncertain,  its  eventual  formation  does  not  appear  to 
be  in  doubt.  Both  HNO,  and  N2O5  provide  effective  NOj" 
production  routes.  It  is  highly  likely  that  the  terminal  neg¬ 
ative  ions  of  the  lower  atmosphere  are  complex  cluster  ions 
such  as  NOi'  •  f HiO  •  mSOj  •  nHNOj,  with  NOj'  as  the 
core  ion.  Recently,  middle  atmosphere  ions  have  been  ten- 
uively  identified  as  NO^’  (HNOj)*,  and  NO.r  <HCl)(HNOOn 
with  n  =  1 ,  2,  3  in  each  case,  as  well  as  some  ions  which 
may  possibly  involve  HSO4  cores  and  H2SO4  neutrals.  Our 
understanding  of  the  negative  ion  chemistry  of  the  middle 
atmosphere  is  clearly  in  a  rather  elementary  state. 


20.1.5  Electrical  Equilibrium  and  Variations 

20.I.S.I  Electrical  Equilibrium.  Above  the  exchange 
layer  in'  fair  weather  areas,  the  charged  and  uncharged  nu¬ 
cleus  content  is  low.  To  a  first  approximation,  ion  equilib¬ 
rium  exists.  Assuming  charge  neutrality.  Equations  (20.14) 
and  (20.  IS)  reduce  to 

q  =  o  n*^.  (20;25) 


Figure  30-15.  PiLiiivc  nr  negaiivc  sreall  ion  number  density  n  ±  vs 
p«'>i!ivc  tw  ncgalivc  charced  nucleus  coiKer.traiion,  N  ± 
ul  15  km  altitude  ISaualyn  ai.d  Faucher.  I956j. 


Measured  values  of  production  rates  due  to  cosmic  rays-at 
variouc  atmospheric  ’"pths  and  geomagnetic  latitudes  are 
given  in  Chapter  6. 

Under  eqi'ilibrium  conditions  in  regions  of  significant 
nucleus  concentration.  Equations  t20.l4)  and  (20.1^)  re¬ 
duce  to 

q  =  o  n-^  +  n.  (q,2  N,  +  11,0  N„),  (20.26) 

or 

(PN,  ±  -F  4aq)''=)  . . 

nj,  - - - - -  (20.27) 

2  a 

where  p  =  1)12  +  •nio(N„/N,),  and  N-  is  the  charged  nu¬ 
cleus  concentration  of  either  sign.  The  dependence  of  small- 
ion  dehsity  and  conductivity  on  charged  nucleus  concen¬ 
tration  computed  for  several  altitudes  is  given  in  Figure 
20-16.  Figure  20-15  compares  theoretical  relations  (Equa¬ 
tion  (20.27)1  with  experimental  data  for  small  ion  content 
and  charge  nuclei  concentration  at  I  .S  km.  The  good  agree¬ 
ment  between  the  theoretical  curves  and  experimental  data 
indicates  the  relation  between  small  ions  and  nuclei  is 
well  understood. 

20.1.5.2  Variations  in  the  Exchange  Layer.  The  ex¬ 
change  layer  varies  in  depth  between  0. 1 5  and  3 .0  km  above 
the  .surface.  Large  variations  in  the  electrical  properties  oc- 


Figure  20-16  Posiiive  or  negative  small  ion  number  density  ±  v.s 
positive  t>r  negative  charged  nucleus  ctmccntraiion.  N  ± 
at  1.5  km  aliiiude  jSagalyn  and  Faucher.  1^561. 
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Figure  20- 1 7a.  Simuiluncous  values  of  electrical  conductivity,  electric 
Held,  and  positive  charged  nuclei  concentration  vs  altitude 
observed  on  20  August  1953.  to  1416  Eastern  Stand¬ 
ard  TinK*  ISagatyn  and  Faiicher.  1954). 

cur  in  this  layer.  Meteorologically,  the  layer  is  characterized 
by  uniform  specific  humidity  and  a  nearly  adiabatic  tem¬ 
perature  gradient  rate  at  the  upper  boundary.  The  horizontal 
wind  velocity  differs  fiom  the  wind  velocity  in  the  general 
circulation  due  to  the  frictional  influence  of  the  earth's  sur¬ 
face.  Figures  20- 1 7a  and  b  illustrate  the  variations  of  elec¬ 
trical  properties  with  altitude  in  a  well  developed  exchange 
layer. 

The  distribution  and  magnitude  of  the  electrical  prop¬ 
erties  vary  from  day  to  day  and  with  time  of  day.  During 
periods  of  low  advection.  regular  daily  variations  can  be 
observed.  Figures  20- 18a.  b.  and  c  demonstrate  the  daily 
variations  observed  during  a  series  of  aircraft  flights  over 
southern  New  Hampshire.  The  diurnal  variation  of  the  elec- 
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Figure  2()-l7h  .Siniultunenu'.  lemperiilure  and  space  charge  densiis  vs 
altitude  on  20  Auguvl  W5.V  1  1  to  1416  Eastern  Sland- 

■  ard  Time  fSugaUn  and  Fauehcr.  19541 


Figure  20-1 8a.  Altitude  and  time  variation  of  positive  charged  nucleus 
concentration  during  a  period  of  low  advection  over  south¬ 
ern  New  Hampshire  ISagatyn  and  Faucher,  1956). 

trical  properties  illustrated  in  these  figures  results  from  the 
daily  variation  of  the  intensity  of  atmospheric  turbulence 
and  the  influx  of  nuclei  from  the  surface  .  Figure  20- 1 9  shows 
the  average  daily  variation  in  the  columnar  resistance  of  the 
atmosphere. 

Over  land  areas,  the  most  complicated  distribution  of 
the  electrical  properties  is  found  between  the  surface  and 


Figure  20- 18b.  Altitude  and  time  variation  of  total  volume  conductivity 
during  a  pcri<Hl  of  low  advection  over  stmthem  New 
Hampshire  (Sagalyn  and  Faucher.  Id56j 
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Figure  20- 1  gc .  Altitude  and  time  venation  of  temperature  duhng  a  period 
'  of  tow  advection  over  southern  New  Hampshire  jSagalyn 
and  Faucher.  1956; 

approximately  0.3  km.  In  this  region  ionization  produced 
by  radioactive  emanations  from  the  surface  of  the  earth  can. 
particularly  in  the  early  morning  hours,  cause  an  initial 
decrease  of  conductivity  with  hfeight.  This  causes  the  po¬ 
tential  gradient  to  increase  with  altitude  and  produces  a 
negative  space  charge  region  near  the  ground.  With  the  onset 
of  turbulence,  the  concentration  of  ions  in  the  region  be¬ 
tween  the'  surface  and  0.3  km  is  greatly  reduced,  and  the 
conductivity  increases  or  remains  constant  with  altitude.  In 
accordance  with  Poisson's  equation,  the  potential  gradient 
then  decreases  with  altitude,  and  a  positive  or  zero  space 


potential  gradient  (Vm"') 
10  30  100 


300 


Figure  20-20.  Ekclrical  cunductiviiy  and  electric  Held  uv  a  funclion  of 
alliiudc  over  Greenland  lAlicrJ.F.  Clark  and  J  M.  Kraak- 
evik  iSmilh.  I95X|.) 

charge  exists  in  this  region.  The  exact  nature  of  the  diurnal 
variation  depends  upon  the  radioactive  content  and  porosity 
of  the  surface  and  on  the  intensity  of  atmospheric  turbulence . 

The  influence  of  the  exchange  layer  on  the  electrical 
properties  is  minimal  in  regions  where  air  masses  are 
forming,  such  as  the  arctic  and  antarctic.  This  is  illus¬ 
trated  in  Figure  20-20  where  the  vertical  distribution  of 
electrical  conductivity  and  the  electric  held  measured  on 
an  early  morning  flight  over  Greenland  are  shown.  Over 
oceans  in  high-pressure  areas  where  very  stable  exchange 
layers  are  formed,  negligible  diurnal  variation  of  the  elec¬ 
trical  properties  are  found.  This  is  partly  due  to  the  absence 
of  radioactive  emanations  from  the  surface  and  to  a  stable 
nuclei  source.  Examples  of  the  electrical  properties  in  a 
stable  exchange  layer  over  the  oceans  are  shown  in  Figure 
20-2Ia.b.c  and  d.  Figure  20-22  shows  the  influence  of  the 
exchange  layer  on  conductivities  observed  in  mountainous 
regions. 


Figure  20-19.  Diurnal  vanalion  i)f  average  resistance  air  column  R,  of  I  - 
cm'  cross  section  and  4.6  km  height  ISagalvn  and  Faucher 
1956). 


20.1.5.3  Variations  in  the  Free  .atmosphere.  The  vari¬ 
ability  of  the  electrical  quantities  in  fair  weather  in  the  trop¬ 
osphere  is  largely  due  to  influences  discussed  throughout  this 


20-13 


CHAPTER  20 


tQT«^  CONOuCfiVltf  M>  '» 

«•> 


Figure  2U-2la.  Time  varialioo  uf  tout  electrical  cimductiviiy,  positive 
charged  nucleus  concentratHm.  temperature,  and  absolute 
humidity  over  the  Atlantu;  Ocean  at  latitude  iy.  longitude 
(A°  on  13-14  April  1954  (From  R.C.  Sagalvn  (Smith. 
19581  » 


Figure  20-2IC.  Time  variation  of  total  electrical  conductivity,  positive 
charged  nucleus  concentration,  temperature,  and  absolute 
humidity  over  the  Atlantic  Ocean  at  latitude  33°.  longitude 
M*  on  1.3-14  April  1954.  iFrom  R.C.  Sagalyn  (Smith. 
19581.) 


Figure  2()-2lb.  Time  vaiiafion  of  tolal  elecfncal  corKiudivify.  fK»s;ftve 
charged  nucleus  conccfttraiion.  temperuture.  and  ahMilute 
humidiiy  over  the  Atlantic  CKcan  at  latitude  .VV  .  longitude 
on  H-  14  April  (From  R  C.  Sagalyn  {Smith. 


Figure  20-2fd  Time  variatum  of  total  clcclrical  ciMiduciivity.  pi»Mtive 
charged  nucleus  C3>rK:cnlrj!K»n  temperature  and  absolute 
humidity  i»verthc  .Atlantic  (Kean  at  latituile  .V^  .  I(»ngiiude 
M"  on  i.^-14  April  1^54  (Inmi  R  (.'  Sagalyn  (Smith. 


total  conductivity  (mho  m*') 


Fifure  Xm  tk.'Ctncil  conduitiviiy  v»  attitude  over  San  l.ui»  Rev  Jialioo 
at  0  I S  km  and  Pakmiaf  staton  at  1 .7  km  on  8  June  I95.J. 

chapter.  For  example,  the  variaiit*ns  in  eiecincal  conductiv¬ 
ity  both  fn»m  model  computatk>n  and  measurements  have  been 
shown  in  Figures  20- .V  20-4,  20-l8b.  and  20-21.  Those  for 
the  electrical  field  were  denumstrated  in  Figures  20-7a.  20- 7b. 
20- 1 7a.  and  20-20.  For  conduction  cutrent.  the  variations  were 
shown  in  Figures  20-8  and  20-V.  Figure  20-5  was  an  exam¬ 
ple  of  the  variations  with  altitude  of  small  ion  density,  it  is 
further  demonstrated  in  Figure  20-23  (Sagalyn.  I%51.  The 
variability  of  large  nucleus  concentration  with  altitude  is  showii 
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Figure  20-2.V  Average  value  and  maximum  vanalitm  of  a  sitijH-hwi  den- 
Miy  as  a  funclum  of  aMiiudc  Daia  l^  baNcd  im  over  N) 
airvfafl  flichfs  thrttughtml  (he  eaMcm  I  S 
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CHARGED  NUCLEUS 
CONCENTRATION,  NA,  (cm-3) 

Figure  20-24  Average  value  and  maximum  variation  of  charged  nucleus 
concentration  as  a  function  of  altitude  Data  is  based  on 
over  M)  aircraft  flights  throughout  the  eastern  I'  S 


in  Figure  20-24  (Sagalyn.  I%5|.  These  results  were  obtained 
from  over  80  aircraft  and  bal loon  fl ights  throughout  the  U  .S . 


20.1.6  Solar  Influence  on  Earth’s 

Atmospheric  Electrical  Parameters 

The  connection  between  solar  activity  and  the  earth's 
atmospheric  electrical  properties  and  meteorological  ctm- 
ditions  is  not  yet  understood.  Investigations  are  underway 
to  determine  whether  solar  emission  can  act  as  a  trigger 
mechanism  for  climatic  changes  over  decades  or  millennia. 
Existing  evidence  strongly  suggests  a  genuine  link  between 
transient  energy-generating  processes  on  the  sun  and  elec¬ 
trical-meteorological  responses  in  the  near  earth  environ¬ 
ment.  The  strongest  effects  are  observed  in  the  Northern 
Hemisphere  winter  when  solar  insolation  is  least  effective, 
at  middle  to  high  latitudes  (Herman  and  Goldberg.  l97Ka|. 

One  way  in  which  solar  activity  can  couple  into  the 
atmospheric  electrical  system  is  through  changes  in  the  ion- 
pair  production  rate.  Variations  in  atmospheric  ioniration 
and  therefore  in  conductivity  texcept  very  near  the  surface) 
are  produced  by  variations  in  the  galactic  cosmic  ray  flux 
intensity  and  by  solar  proton  events. 

Variations  of  the  average  ground-level  ctismic  ray  in¬ 
tensity  with  the  1 1 -year  sunspot  cycle  are  well  documented 
and  show  a  clear  inverse  correlation  (Forbush,  19.S41.  An 
example  of  this  is  given  in  Figure  20-25  in  .which  the  nor¬ 
malized  neutron  monitor  count  rate  from  Climax.  Colorado, 
is  compand  with  average  monthly  Zurich  sunspot  numbers 
over  two  solar  cycles.  There  is  an  apr.n.>ximate  2()^f  d-’crease 
in  count  rate  from  solar  maximum  year  1957  to  minimurti 
year  19b8.  Data  from  Kent  and  Pomerai.i?  (19711  indicate 
that  at  middle  latitudes  (55’  geomagnetic)  the  count  rate  is 
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Figure  ?t)-25  SiUar  c>ck.*  varulHHi  ofi  cmmiv  ray  tnicnMiv  ImiIhI  curve) 
and  vunvpiti  nuniher*  (ilashcd  curve)  over  two  Mdar  cvclcv 
ll-uUv.  IM75I 


about  2l''i  lower  at  solar  maximutii.  but  near  the  equator 
is  only  7rv  lower.  The  Climax  atsmic  ray  intensity  peaks 
approximately  two-thirds  of  a  year  later  than  the  time  of 
sunspot  minimum,  but  the  amount  of  latt  seems  to  he  slightly 
diffcrenl  at  different  stations  |Fulks.  I97f>|. 

The  secular  trend  of  potential  gradient  measured  at  sta¬ 
tions  in  the  British  Isles.  France,  and  .Spain  over  a  2()-year 
pcriixl  1 1902-1^22)  was  investigated  by  Bauer  1 1926|.  The 
average  piXential  gradient  for  all  stations  combined,  ex¬ 
pressed  in  percentage  of  the  20-ycar  mean  value,  was  clearly 
above  the  mean  during  sunspot  max, mum  years  and  below 
the  mean  in  minimum  years  (Figure  2(t-26l.  For  the  p««en- 
tial  gradient  averages,  days  with  UkuI  thunderstorms  were 
excluded.  Both  the  diurnal  amplitude  and  the  annual  ampli¬ 
tude  show  a  strong  positive  correlation  with  sunspix  number 
siver  the  two  solar  cycles.  More  recently.  Muhicisen  1 1971 ) 
and  Fischer  and  Muhleisen  1 1972|  investigated  the  1 1 -year 
cycle  influence  on  ionospheric  potential.  Their  results  also 
indicate  a  positive  coiTelation  with  annual  mean  sunspot 
number. 

Figure  2(H2  shows  the  ion-pair  production  rate  as  a 
function  of  height  for  solar  radiation  (curves  I  to  .S»  and 
galactic  radiation  (curves  6  and  7).  Although  galactic  cosmic 
rays  carry  mtire  energy  per  particle  and  penetrate  deeper 
into  the  lower  atmosphere,  episodic  solar  emissions  and  the 
related  intcrplarKtary  magiK’tic  held  (dependent  on  flare  ac¬ 
tivity  and  solar  rotation  i  can  produce  higher  ion-pair  pn>- 
ductii>n  rates  in  the  tower  atmosphere  This  is  demonstrated 
in  curves  I  to  5  in  which  iniections  ot  s<ilar  prirtons  during 
solar  flares  prixluce  ionization  above  211  km  considerably  in 
excess  of  the  normal  quiet  background  productutn  rate  pro¬ 
vided  by  galactis  cosmic  rays  in  both  sunspix  minimum 
(curve  6i  and  sunspot  mavimum  (curve  7i  years.  Curves  (6 
and  7 1  from  WebbiT  |l9f'|  demonstrate  the  solar  cycle 
variati<)n  in  cosmic  ray  ion  prixluction  at  a  magnetic  latitude 
of  aNiut  70'. 


kirurr  I  '.tlKal  vanalions  in  (xncnlul  jintlKnl  ciHnpiim)  lo  l> 

>.•  sunspin  cycle  Curve  a.  felalivc  sunspiu  number  h. 
ISXcnlul  gradient  c.  daily  amplilude  of  piScnlial  yradieni. 
d.  pmcnlial  gradienl  annual  ampliludc  Curves  b.  c.  and  d 
are  in  fX'rventage  ol  mean  values  |  Bauer.  I4^b  and  Israel 
and  Dole/atek.  l<f7X| 

()n  shorter  time  scales,  solar  flare  eruptions  and  solar 
magnetic  sector  boundary  cnissings  that  result  in  increased 
numbers  of  solar  pniums  entering  the  lower  atmosphere  also 
cause  2  decrease  in  galactic  cosmic  rays.  The  decrease  in 
galactic  cosmic  rays  following  a  solar  flare  is  termed  a 
Forhush  decrease.  Form  long  term  investigations,  it  appears 
that  air-earth  current,  potential  gradient,  ionospheric  poten¬ 
tial.  and  Ihunderstonn  activity  all  respond  to  solar  flares 
F.nhancements  in  these  atmosphenc  electrical  quantities  oc¬ 
cur  I  to  4  days  after  the  eruption  of  a  major  sedar  flare,  w  ith , 
thunderstorm  tK'currence  responding  slowest  The  increases 
range  from  I2"r  |C'obb.  1967)  to  .SO'i  (Reiter.  I9f>9i  in  air- 
earth  current  density.  .VKi  to  WK*  in  potential  gradient 
(Reiter.  I9b9(.  and  20'f  (Flohn.  I95(l(  to  7(Ki  (Bossolasco 
ct  al  .  I972(  in  thunderstorm  occurrence  frequency 

I'he  responses  of  atmospheric  electrical  quantities  to 
solar  flare  iK'currence  are  probably  due  to  a  combination  of 
factors  High  energy  solar  protons  emitted  during  flares 
produce  enhanced  atmospheric  ionization  and  thus  increased 
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cotMJuctivity  aN>vc  ~  20  km  alliiuile.  The  Forhush  dei  reasc 
in  ray  iniensiiy  ing  Marcs  results  in  a  dcc'.eascd 

ctMKluciivity  beU>'s  20  kr.i  altitude  These  ci;?opes  could 
lead  to  an  increase  in  the  electric  Meld  at  levels  below  20 
km  and  a  decrease  above  20  km.  This  in  turn  can  pnxJucc 
the  potential  increase  »>bscrved  during  thunderst«>rm  activity 
(Herman  and  Goldberg.  ld7Hb|, 

20.1.7  Global  Model  of 

Atmospheric  Electricity 

SigniMcant  advances  In  the  understanding  of  atmospheric 
electrical  processes  during  llw  past  decade  have  resulted 
fn>m  the  devel.spnKnl  of  global  modeling  and  fnun  inclusion 
of  coupling  w  ith  the  ionosphere  and  outer  atmosphere.  Pre¬ 
viously,  atmitspheric  electrical  phenomena  were  assumed 
to  take  place  within  a  '‘cttnceniiic  sph<rrical  capacitor" 
(Chalmers,  Idb?!.  The  lower  Ntundary  of  this  ca'pacitor  was 
the  earth's  surface  and  the  eicctrosphcre  la  highly  con¬ 
ducting  layer  at  aNnit  .S(t-  70  km»  was  assumed  to  be  the 
upper  boundary .  The  eicctrosphcre  is  deMned  as  the  height 
of  an  equipoiential  that  acts  as  a  perfect  electn>static  shield 
to  physical  privesses  taking  place  outside  this  region.  Thun¬ 
derstorms  and  other  electrical  pnwesses  in  the  lower  at- 
mtssphere  would  then  have  tw  effect  outside  the  electro- 
sphere.  Conversely,  processes  taking  place  beyontl  the 
Htnosphere  were  assumed  to  have  a  negligible  effect  on 
electrical  conditions  in  tbe  lower  atmosphere  In  this  view  ; 
thunderstorm  activity  was  the  major  stturec  of  charge  gen¬ 
eration  within  the  atmospheric  electrical  system  and  was 
balanced  by  the  fair  weather  conduction  current. 

This  "closc-in"  theory  of  atmospheric  electricity  is  cor¬ 
rect  to  Mrst  ttrder  in  most  cases.  However,  it  docs  not  allow 
ft»r  horizontal  electric  Melds  that  are  kmtwn  to  exist  in  dis¬ 
turbed  weather  areas  and  for  vanation  in  iomtsphere  char- 
actenstics.  Recent  studies  indicate  that  the  dectrosphere  is 
not  -I  perfect  enuip««ential  layer.  The  "capacitor"  is  in  fact 
leaky,  with  the  result  that  atmospheric  electrical  priK-esses 
interact  with  ioiKispheric  and  magnctosphenc  phenomena. 

Hays  and  Roble  |  I‘>7‘J1  derived  a  quasi-static  nunrerical 
model  of  gli*bjl  atmospheric  electncity  in  which  thunder¬ 
storms  are  the  main  viurce  of  cicctnc  current  Thunder¬ 
storms  are  assumed  to  be  distributed  geographically  in  ac¬ 
cordance  with  the  known  statistical  distribution  of 
thunderstom’  frequency  In  the  rmxlel.  the  electrical  con¬ 
ductivity  iiK'reases  exponentially  w  ith  altitude  ami  electrical 
effect'  arc  coupled  into  the  magnetosphere  along  gcomag- 
nctK-  Meld  lines  The  clectncal  conductivity  is  assumed  to 
•vary  with  latitude,  simulating  the  latitudinal  variation  of 
known  cosmic  ray  production  The  global  distribution  of 
electric  potential  and  current  is  then  calculated  The  results 
show  that  large  posiiiv  e  electric  potentials  are  generated  over 
thunderstorms  and  that  these  perturbations  penetrate  upward 
to  lomispheric  altitudes.  The  efieci  ot  a  Ihurulersutrm  in  one 


Ki|{un-  Jil-27  Results  fn>in  Hiivs-RiWe  global  MmiKpherK  etccIrKilv 
mtiilcl  la)  Uliluilc  anil  keigiiuiic  vanalHin  of  ihc  scrtnal 
romponenl  otclcclric  licid  at  the  eanh's  surface  ib)  tali'udc 
and  loniiilude  varialion  of  conducDon  cuneffl  al  Ihe  e-r  's 
surface  |Havs  and  Ridsle.  I47U| 

hemisphere  can  he  transmitted  along  geomagnetic  Meld  lines 
into  Ihc  cimjugatc  hemisphere;  however,  the  po'entia:  per¬ 
turbation  in  the  cimjugalc  hemisphere  is  damf«d  below  stiat- 
osphcric  altitudes.  Electric  Melds  over  thunderstorm  regions 
nay  approach  0.2.S-0;5(I  mV/m  at  ionospheric  heights  for 
nighttime  conditions.  The  return  current  at  the  earth's  sur¬ 
face  in  Ihe  fair  weather  region  is  greater  over  mrHiniainous 
regions  than  at  sea  level.  The  perturbation  of  the  calculated 
electric  potential  and  current  distributions  due  to  an  increase 
in  cosmic  rays  during  a  scilar  flare  increase  and  the  subse¬ 
quent  F'orbush  dccreav-  in  cosmic  ray  ionization  can  also 
be  carried  out  using  tK*  model.  An  example  of  the  output 
of  the  mrxlcl  is  shown  in  Figure  20-27  The  results  in  Figure 
20-27  were  derived  assuming  Northern  Hemisphere  sum¬ 
mertime  background  with  2(X10  individual  thunderstorms 
acting  at  1‘XX)  UT.  The  vertical  component  of  Ihe  electric 
Meld  and  the  conduction  current  at  the  earth's  surface  are 
shown  FUtuipolential  curves  and  constant  current  density 
contours  are  plotted  in  panels  a  and  b.  respectively . 

20.1.8  Recent  Advances  in 

the  Middle  Atmosphere 

20.1.8.1  Middle  .Atmosphere.  The  term  "middle  atmo¬ 
sphere'  IS  used  lo  ilcseribe  the  region  between  the  tropo- 
pauv  and  the  iiK-sopaiise.  with  possibly  a  slight  extension 
into  the  lowest  part  of  the  thermosphere,  that  is.  the  altitude 
region  lOto  HXlkm.  It  includes  the  stratosphere  and  the  nieso- 


20-17 


CHAPTER  20 


Figure  3F2S  TvpK  jl  tUyiimc  lOtKentraliiin  pnthlc'  nf  vime  minnr  oui- 
>lilucnl\  of  Ihc  iDHUk*  jtmosptwrc  IReiJ  cl  <il  .  IMN) 


sphere.  kiKiwIcdge  of  ishich  has  increased  greatly  as  a  result 
of  recent  studies  of  the  ozone  layer  (Chap»er  21). 

Knowledge  of  the  chemical  ciimposition  is  fundamental 
to  the  understanding  of  the  electrical  characteristics  of  the 
middle  atmosphere.  Several  minor  constituents,  typical  pro¬ 
files  of  which  arc  shown  in  Figure  20-28.  play  prominent 
roles.  The  composition  of  the  middle  atmosphere  was  dis¬ 
cussed  in  Section  20. 1 .4.  The  temperature  structure  and  the 
wind  systems  of  the  middle  atriHfsphete  are  determined  by 
a  balance  between  the  healing  and  cooling  rates  the  heating 
is  due  primarily  to  the  absorption  of  solar  radiation  by  ozone, 
and  the  cooling  to  infrared  radiatiim.  mainly  by  carbon 
dioxide.  Thus,  these  two  minor  constituents  determine  the 
structure  of  the  middle  atiTHi-.pherc.  The  other  constituents 
shown  in  Figure  20-28  are  the  chief  participants  in  Ihe  pro¬ 
duction  of  ionization,  or  in  the  ion  chemistry  that  determines 
the,  steady-state  ion  cimcentration  and  compiisition. 

During  the  winter,  there  is  a  prtimHinced  cquatorwarJ- 
direcled  temperature  gradient  in  the  middle  atmosphere,  and 
the  resultant  gcostrophic  w  inds  arc  westerly  as  in  the  tnipo- 
sphere.  Wind  speeds  reach  their  maximum  near  the  stra- 
topause.  forming  the  so-called  polar-night  jet.  surrounding 
a  strong  polar  vortex.  During  the  summer  the  situation  tends 
to  he  reversed,  with  a  poleward-directed  temperature  gra¬ 
dient  caused  by  the  combination  of  a  high-latitude  ozone 
maximum  and  essentially  continuous  insolation,  giving  rise 
to  prevailing  easterlies  throughout  most  of  the  middle  at¬ 
mosphere.  The  spring  and  fall  transitions  between  these  two 
average  conditions  and  major  transient  stratospheric  warm¬ 
ing  events  of  the  late  winter  are  periods  of  particular  interest 
in  the  middle  atmosphere. 

Vertical  transport  in  the  middle  atmosphere  is  usually 
parametrized  through  the  use  of  an  eddy-diffusion  coeffi¬ 
cient  whose  profile  is  based  on  observed  vertical  diffusion 
rates.  Charactcnstic  vertical  mixing  times  are  long,  varying 
from  years  in  the  lower  stratosphere,  to  months  in  the  upper 
stratosphere  and  lower  mesosphere,  and  to  weeks  in  the 
upper  mesosphere  Since  these  are  much  longer  than  the 
characteristic  lifetimes  of  ions,  the  ions  are  not  themselves 
directly  affected  by  vertical  transport.  Many  of  the  minor 
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species  that  determine  the  ion  composition,  however,  are 
dominated  by  transport  effects  rather  than  by  photochem¬ 
istry  in  much  of  the  middle  atmosphere. 

The  major  source  of  mesospheric  ionization  is  the  NO 
molecule,  which  can  be  ionized  by  solar  Lyman-alpha  ra¬ 
diation  at  !2I6  A.  The  Lyman-alpha  line  coincides  with  a 
window  in  the  O.-  absorption  spectrum  and  penetrates  most 
of  the  mesosphere  reaching  unit  optical  depth  at  about  75 
km  for  an  overhead  sun.  NO '  is  the  primary  ion  species 
produced  by  this  source.  Figure  20-29  shows  the  rates  of 
production  of  both  Oj '  (from  the  0>(-A)  source  as  well  as 
from  x-rays  during  average  solar  conditions)  and  NO '  for 
a  stviar  zenith  angle  of  45°  and  for  currently  accepted  profiles 
for  NO  and  0;('A). 

In  the  lower  mesosphere  and  throughout  the  strato¬ 
sphere.  the  chief  source  of  ionization  under  normal  condi¬ 
tions  is  galactic  cosmic  rays.  The  rate  of  ion  production  due 
to  cosmic  rays  was  shown  in  Figure  20-12  for  different 
latitudes  and  solar  conditions.  The  cosmic  ray  induced  vati- 
ation  of  small  ion  density  with  htitude  is  given  in  Figure 
20-5. 

The  solar  magnetic  field  and  solar  wind  act  to  cxciuie 
cosmic-ray  panicles  from  the  near  earth  environment  hrough 
mechanisms  that  are  not  yet  fully  understood.  Tfie  chief 
result  is  that  the  cosmic-ray  flux  at  Ihc  earth  is  lower  during 
solar  maximum,  when  the  solar  magnetic  field  is  more  in¬ 
tense  on  the  average,  than  during  solar  minimum.  The  in¬ 
verse  relation  between  solar  activity  and  cosmic  ray  intensity 
near  the  earth's  surface  is  illustrated  in  Figure  20-25.  This 
produces  a  significant  solar -cycle  variation  in  the  electrical 
properties  of  the  middle  atmosphete. 

20. 1 .8.2  Middle  .Atmosphere  Ion  Concentration,  Mo¬ 
bility,  and  Conductivity.  The  fundamental  relations  dis¬ 
cussed  in  Sections  20. 1 . 1  through  20. 1 .6  are  valid  through¬ 
out  the  middle  atmosphere.  The  steady-state  ion  coneentra- 
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tion  protile  of  the  middle  atimisphere  is  illustrated  in  Figure 
20-30  which  shows  the  results  of  a  recent  model  calculation 
of  positive-ion  concentrations  for  solar-maximum  year  at 
geomagnetic  latitude  40°.  and  for  a  solar  zenith  angle  of 
4.V.  Also  shown  in  the  figure  are  the  results  of  direct  mea¬ 
surements  of  small-ion  concentrations  for  similar  geomag¬ 
netic  latitude  but  for  t'liTcrent  phases  of  the  solar  cycle. 
Obviously  there  is  a  general  agreement  in  the  shape  of  the 
profiles,  but  the  sharp  enhancements  in  ion  concentration 
that  appeared  at  65  km  in  I96X  and  at  45  Km  in  1975  have 
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l^igurc  20- .12.  Cak’uliilcd  pnililes  of  elnrtnm  and  ion  conductivity  al  the 
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no  counterpart  in  the  theoretical  results.  The  model  results 
also  appear  to  be  higher  by  about  a  factor  of  three  than  the 
actual  observations  over  most  of  the  range.  Since  our  knowl¬ 
edge  of  the  ion  production  rate  is  unlikely  to  be  seriously 
in  error,  at  least  below  6()  km.  the  discrepancies  must  reflect 
our  lack  of  knowledge  of  the  full  details  of  the  ion  chemistry 
of  the  stratosphere. 

Figure  20- .3 1  shows  the  results  of  a  similar  model  cal¬ 
culation  of  the  concentrations  of  the  negatively  charged 
species — negative  ions  and  electrons — for  the  same  con¬ 
ditions  of  solar  illumination  but  for  polar  and  equatorial 
latitudes.  The  very  sharp  transition  between  the  overlying 
electron-dominated  region  and  the  underlying  negative'pos- 
itive-ion  dt'ninatcd  region  is  the  tnovt  obvious  feature.  There 
is  considerable  observational  confirmation  consistent  with 
the  model  that  the  transition  from  negative  ion  to  electron 
occurs  at  about  70  km  during  quiet  daytime  conditions. 

Figures  20-32  and  20-33  show  theoretical  profiles  of 
conductivity  for  equatorial  and  polar  latitudes,  again  for 
solar  maximum  conditions  and  for  a  solar  zenith  angle  of 
45°.  The  solid  lines  represent  the  ionic  component  and  the 
bn>ken  lines  the  electronic  component  of  the  conductivity, 
with  the  crossing  points  marking  a  sudden  increase  in  the 
gradient  of  total  conductivity.  Below  this  altitude,  substan- 
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CHAPTER  20 

tial  horizontal  potential  dift'crcnccs  can  be  maintained,  but 
the  conductivity  at  higher  altitudes  is  large  enough  'o  allow 
only  relatively  small  potential  variations  on  a  gU>bal  scale. 

in  the  upper  mesosphere  the  geomagnetic  held  begins 
to  have  an  important  effect  on  the  electron  conductivity. 
The  electrons  are  foa'cd  to  spiral  about  tbe  magnetic  field, 
and  if  tbe  ctdiision  frequency  is  low  enough  they  can  no 
longer  move  fa-ely  along  the  direction  of  an  applied  electric 
field  that  has  a  component  perpendicular  to  the  magnetic 
field.  O)llisions  w  ith  gas  molecules,  however,  break  up  this 
organized  spiraling  motion,  and  allow  sttme  mtivement  along 
the  electric  field  direction,  thereb;  preventing  the  electron 
conductivity  along  the  direction  of  the  electric  field  from 
vanishing  entirely.  Tbe  residual  electron  conductivity  per¬ 
pendicular  to  the  magnetic  field  is  referred  to  as  the  Pedersen 
conductivity,  and  is  shown  in  Figures  20- ,'^2  and  20- .^3  by 
the  broken  line  labeled  ir,v.  The  conductivity  along  the 
dia'ction  of  the  magnetic  field  is  unaffected  by  the  spiralling 
motion  of  the  electrons,  and  is  identical  to  the  uniform 
conductivity  that  would  exist  if  there  were  no  magnetic  held. 
It  is  shown  by  the  hniken  line  labeled  o...  Since  the  electrons 
drift  along  a  directi»>n  perpendicular  to  both  the  magnetic 
and  electric  fields  between  collisions,  there  is  a  third  com¬ 
ponent  of  the  c«>nductivity  known  as  the  Hall  conductivity, 
hut  it  difb  is  in  character  frvmi  the  other  components  by 
virtue  of  its  vanishing  power  dissipation  (since  jii  •  E  =  0). 
Throughout  the  middle  atmosphea*  the  ions  remain  collision 
dominated  and  are  jusi  as  free  to  move  perpendicular  to  the 
magneiic  field  as  they  would  he  in  the  absence  of  a  magnetic 
field. 

The  various  sources  of  middle-atmosphere  ionizatirrn 
vary  on  a  wide  range  of  time  scales,  and  a  corresponding 
variability  in  the  electrical  parameters  must  exist.  In  the 
mesosphere,  the  solar  x-ray  flux  varies  with  ihe  27-day  solar 
rotation  period,  with  the  1 1 -year  solar  cycle,  and  with  in¬ 
dividual  flares  when  its  intensity  cai;  increase  by  at  least 
three  orders  of  magnitude  above  the  normal  value.  Except 
during  intense  solar  flares.  ^  ray*  vmain  a  fairly  negligible 
ionization  source. 

The  major  nievtspheric  source  of  ionization  of  NO.  Ly- 
man-alpha.  increaves  by  nearly  a  factor  of  two  from  solar 
minimum  to  solaf  maximum  and  by  about  in  the  course 
of  a  solar  rotation  The  comentration  of  NO  will  vary  with 
the  production  of  N( )  in  the  lower  thermosphere  by  energetic 
paniclc>  .Aurora!  loniza'ion  is  known  to  be  accompanied 
by  the  prinluction  of  large  quantities  of  NO  near  1(X)  km 
altitude,  but  downward  diffusion  of  .N(J  into  the  mes»»sphcre 
IS  Mill  unknown. 

The  electrical  properties  of  the  middle  atmosphere  arc 
highly  complex  and  variable.  The  middle  atmosphere  re- 
sptmjs  to  driving  fi>rces  from  above  and  from  below,  and 
is  -ubject  to  electric  fields  of  both  tropospheric  and  mag- 
netiwphenc  origin  It  must  play  a  significant  role  in  any 
Mvlar  terrestrial  eoupimg  mechanisms  that  involve  the  lower 
atiiK'sphere. 


20.2  THUNDERSTORM  ACTIVITY 


20.2.1  Thunderstorm  Charge  Distribution 
and  Electric  Field  Pattern 

The  thunderstorm  is  the  final  product  of  the  growth  of 
a  series  of  clouds  with  vertical  development  known  in  order 
of  increasing  size  as  cumulus,  cumulocongestus,  and  cu¬ 
mulonimbus.  This  class  of  cumuliform  clouds  is  formed 
through  the  upward  transfer  of  energy  from  surface  heating 
effects  leading  to  buoyant  vertical  air  motions  or  through 
(he  lifting  eifetrts  associated  with  the  motion  of  atmospheric 
frontal  weather  zones.  The  cumuliform  clouds  derive  their 
energy  from  the  latent  heat  of  condensation  and  sublimation 
of  atmospheric  water  vapor  drawn  into  the  cloud  circulation. 

The  intensity  of  the  resulting  convective  activity  depends 
on  the  available  moisture  anti  ihe  stability  of  the  lower 
atmosphere  as  expressed  by  the  air  temperature  variation 
with  height.  Weather  services  technically  distinguish  the 
thunderstorm  from  other  convective  cibuds  by  the  obser¬ 
vation  of  thunder.  These  storms  normally  are  associated  with 
extensive  lightning  activity,  heavy  rain  showers,  possible 
hail  or  snow  pellets,  and  strong  subcloud  wind  gusts  due  to 
the  spreading  out  of  cold  downdrafts  from  the  areas  of 
precipitation. 

The  storm  electrical  activity  is  spectacular  and  danger¬ 
ous:  however,  it  represents  an  energy  expenditure  of  less 
than  IT  of  the  thermal,  gravitational,  and  kinetic  energy 
associated  with  the  condensation  of  moisture  and  the  de¬ 
velopment  of  drafts  and  precipitation  |Brahi>m.  19521/The 
storm  progresses  through  three  stages  of  its  life  cycle.  The 
growth  stage  is  characterized  primarily  by  in-cloud  updrafts. 

The  active  stage  is  accompani*  3  by  cloud  top  glaciation  or  , 

conversion  to  ice  forms,  and  the  presence  of  strong  up  and  I 

downdrafts,  lightning,  and  precipitation.  The  dissipating 

stage  is  reached  when  a  lifting  or  breaking  up  of  the  lower 

cloud  and  a  layering  and  spreading  out  of  the  upper  anvil 

or  ice  form  cloud  material  (xrcurs.  At  this  point  the  vertical 

air  motions  arc  grcatly  reduced  and  the  precipitation  is  re-  j 

duced  to  widespread  fairly  uniform  small  droplets  or  small  I 

snow  flakes  falling  ftx'm  the  anvil  (Byers  and  Braham,  1 949|. 

By  this  time  the  electrical  activity  has  subsided.  However. 

considerable  residual  electric  charge  remains  stored  on  the 

cloud  particles  and  there  is  a  possibility  of  occasional  strong 

cloud  to  gmund  lightning  or  of  a  strike  to  an  aircraft  or  ' 

rocket  entering  the  cloud.  | 

Details  of  the  electric  charge  generation  process  in  storms 
arc  not  fully  established.  Numerous  observations  indicate 
that  strong  electric  fields  and  lightning  are  usually  found  in 
convective  clouds  that  contain  mixtures  of  water  droplets 
and  various  forms  of  snow  and  ice  particles.  The  charge  is  ' 

probably  generated  through  a  combination  of  proces.ses  in-  I 

volving  differential  small  ion  capture  by  water  droplets, 
induction  effects  -if  collisions  of  different  sized  particles  in 
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an  existing  electric  field,  and  physical  effects.  These  include 
a  tendency  of  water  droplets  ;o  form  an  easily  shattered 
electrical  double  layer  in  the  droplet  .urface.  possible  proton 
migration  in  the  ice  crystal  Iftice  structure  due  to  thermal 
gradients,  and  other  effects  associated  with  the  liquid  to 
s,  lid  and  solid  to  liquid  phase  changes  which  (K'cur  during 
the  formation  and  fallout  of  precipitation. 

Separation  of  the  charge  generated  as  a  result  of  an 
enormous  number  of  ‘hese  microscale  events  is  brought 
about  primarily  by  the  differential  motion  of  variously  sized 
precipitation  and  cloud  particles  due  to  gravitational  forces 
and  by  the  draft  velcKity  prrxiuction  of  aerodynamic  drag 
forces  on  the  particles.  On  the  order  of  1000  coulombs  of 
bound  space  charge  arc  produced  and  r.aintaincd  during  the 
late  growth  and  active  period  of  the  storm.  Observations 
indicate  certain  regions  of  the  storm  characteristic:>lly  have 
an  excess  of  negative  or  positive  charge.  These  zones  of 
unbalanced  charge  create  electrostatic  fields  that  extend  to 
the  surface  of  the  earth  and  for  a  considerable  distance  into 
the  clear  atmosphere  surrounding  the  storm.  Measurements 
'  of  these  fields  and  of  the  held  changes  due  to  the  neutral¬ 
ization  of  portions  of  the  charge  centc.'s  during  lightning 
flashes  were  originated  by  Wilson  |19I6|.  Numerous  sub¬ 
sequent  observations  confirm  that  the  electrical  structure  of 
the  storm  appears  to  resemble  a  bipolar  charge  distribution 
with  an  upper  positive  and  lower  more  concentrated  negative 
charge  center.  Some  storms  have  an  additional  small  pos¬ 
itive  center  located  near  the  cloud  base.  This  center  seems 
to  be  closely  assrKiated  with  the  major  rain  shafts  falling 
from  the  storm.  A  typical  midlatitude  storm  is  depicted  in 
Figure  20-34.  The  charge  center  liKations  are  mote  ckrsely 
related  to  the  vertical  temperatu.'e  structure  than  to  the  geo¬ 
metric  differences  in  height  of  storms  in  various  geographic 
areas  of  the  world.  The  approximate  temperature  depen¬ 
dence  is  shown  by  the  scale  along  the  vertical  axis.  The 
estimated  percentage  frequency  of  lightning  channel  paths 
is  given  by  the  circled  numbers  adjacent  to  the  various  forms 
of  lightning  events  depicted. 


Figure  20-34  Typical  charge  dislnhulmn  and  hghfnmg  pallcmv  of  ;•  mid¬ 


latitude  thundersttmn 


ATMOSPHERIC  ELECTRICITY 

20.2:1.1  Surface  Electric  Field.  The  magnitude  of  the 
electric  field  of  a  thunderstorm  as  measured  at  ground  level 
is  strongly  dependent  upon  liKal  topography  and  the  degree 
to  which  vegetation  and  structures  are  present  to  supply  sources 
of  point  discharge  current  from  the  earth  in  response  to  the 
storm-initiated  field.  Storms  over  water  and  in  mountainous 
terrain  above  timberline  may  pnxluce  maximum  surface  fields 
of  about  ItX)  kV/m.  Storms  moving  over  wixxled.  brushy  or 
other  terraii.  which  can  provide  numerous  small  pointed 
sources  for  devek.pment  of  a  point  discharge  current,  nor¬ 
mally  form  a  layer  of  space  charge  about  2(K)  m  thick  near  the 
gn>und  under  the  storm.  This  layer  acts  to  reduce  the  field  at 
the  ground  to  about  10  kV/m.  Moving  storms  typically  have 
some  wind  induced  lilt  to  the  main  bipolar  charge  axis.  This 
results  in  a  wave  like  pattern  in  the  time  scries  observation  of 
the  surface  field  as  a  storm  passes.  Figure  20-35  indicates  the 
general  form  and  dimensions  of  the  electrostatic  disturbance 


Figure  20- .VS.  fUeelric  field  pnid'ieed  at  surface  of  canh  by  the  filled 
bipole  model  IFil/gerald.  IV.S7|. 


assiK'iated  with  these  storms.  The  figure  is  drawn  for  a  lower 
10  coulomb  negative  cruier  at  3.5  km  height  and  an  uppc'  10 
coulomb  positive  center  at  4.5  km  which  is  displaced  down 
wind  by  I  km.  This  figure  indicates  that  the  electric  field  at  a 
particular  site  may  exhibit  a  strong  initial  increase  of  field  in 
cither  a  positive  or  negative  direction  if  a  thunderstonn  de¬ 
velops  or  moves  into  the  vicinity.  Interpretation  of  the  time 
series  field  record  lor  lightning  warning  is  strongly  depen¬ 
dent  upon  station  liK'ation  with  respect  to  the  cloud,  the  slate 
of  development  of  the  cloud,  and  the  structure  of  the  w  inds 
aloft. 

A  typical  ftatlem  of  the  electric  field  assiKiatcd  with  the 
passage  from  west  to  cast  of  a  squall  line  thunderstorm 
complex  in  the  midwesteai  United  States  is  shown  in  Figure 
20- .36.  The  initial  rise  in  field  assiK'iated  with  the  apprcach- 
ing  anvil  charge  is  seen  to  the  right  of  the  figure.  This  is 
followed  by  a  field  reversal  as  the  main-storm  mass  ap¬ 
proaches  the  station.  Numerous  lightning  field  changes  are 
indicated  by  the  abrupt  discontinuities  in  the  basic  wave 


pattern.  The  stjuali  line  pas.sage  from  2115  to  2120  was 
accompanied  by  a  lower  positive  charge  region  in  the  main 
pert  of  the  storm.  Several  subsequent  alterations  of  lower 
negative  and  positive  regions  are  noted  as  the  storm  passed 
the  station.  The  final  positive  rise  before  return  to  the  fair 
weather  field  was  associated  with  the  receding  anvil  .struc¬ 
ture.  Some  characteristics  on  the  duration  and  lightning 
activity  of  typical  slowly  moving  summer  storms  at  Kennedy 
Space  Center.  Florida  are  given  in  Table  20-6  from  a  study 
by  Livingston  and  Krider  |1978|.  These  storms  are  fre¬ 
quently  of  long  duration  and  large  dimensions.  They  are 
accompanied  by  considerable  lightning  activity  and  heavy 
precipitation. 

Jacobson  and  Krider  (I976|  have  summarized  magni¬ 
tudes  and  altitudes  of  charge  centers  destroyed  in  lightning 
events  studied  in  various  geographical  regions.  Their  sum¬ 
mary  is  given  in  Table  20-7, 
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20.2.1.2.  Field  Patterns  Aloft.  Aircraft  measurements 
indicate  that  electrostatic  field  components  within  storms 
are  usually  in  the  range  of  from  .10  to  150  kV/m.  Frequent 
alterations  of  p»'larity  are  found.  These  are  usually  associ¬ 
ated  with  areas  of  differing  precipitation  forms,  free  air 
temperature,  and  vertical  air  motion.  The  scale  of  these 
complex  field  regions  ranges  from  about  .100  m  to  several 
km.  Small  intensely  charged  regions  are  occasionally  found. 
These  may  have  field  components  as  high  as  400  kV/m. 
These  small  regions  are  considered  likely  sources  of  light¬ 
ning  initiation. 

The  general  pattern  of  the  vertical  component  of  the 
electric  field  in  thunderstorms  tKcurrinj;  in  England  was 
determined  by  Simpson.  Scrase.  and  Robinson  through  a 
number  of  balkxrn  soundings.  Figure  20-17  adapted  from 
Simpson  and  Robinson  1 1941 1  represents  a  summary  of  their 
resul;s.  It  shows  isolines  of  constant  vertical  field  for  a 
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Tabic  20-6.  Summary  of  electrical  behavior  of  I97S  and  iiclected  1976  air  mass  storms  at  the  NASA  Kennedy  Space  Center  [Livingston  and  Kridcr. 
19781, 


Date 

Start/Stop 

Times, 

UT 

Storm 

Duration, 

min 

Total 

Number  of 
Discharges 

Maximum 

Flashing 

Rate, 

min' 

Average 

Flashing 

Rate. 

min' 

Maximum 
Radar  Top. 
km 

’ 

1975 

May  15 

1455/160? 

73 

533 

,  20.0 

7.3 

14.0 

June  2 

1739/2004 

145 

866 

17.0 

6.0 

13.7 

2002/2325 

203 

503 

6.0 

25 

14.9 

June  3 

1702/1915 

133 

434 

10.6 

3.3 

15.2 

June  7 

2011/2114 

63 

361 

17.2 

5.7 

2202/2243 

41 

105 

9,8 

2.6 

June  9 

1930/2350  ' 

260 

879  , 

10.4 

3.4 

15.5 

Juiie  10 

2053/2127 

34 

25 

1.2 

0.7 

10.1 

June  16-17 

2006/0105 

299 

1853 

24.8 

6.2 

14.3 

June  17 

1514/1615 

61 

31 

1.2 

0.5 

12.2 

16!7/1745 

88 

79 

1.4 

0.9 

12.2 

1753/1855 

62 

126 

3.6 

2.0 

Il2 

1850/1926 

36 

74 

4.0 

2.1 

12.2 

June  18 

1533/1709 

% 

122 

3.6 

1.3 

.  12.2 

June  20 

1541/1605 

24 

8 

0.4 

0.3 

8.2 

June  26 

2012/2230 

138 

579 

9.2 

4.2 

15.8 

June  27 

19.30/2021 

51 

178 

6.8 

3.5 

2031/2300 

149 

1392 

21  0 

9.3 

17.7 

June  28 

0000/0120 

80 

31 

1.0 

0.4 

12.2 

0115/0145 

30 

18 

1.0 

0.6 

July  8 

1831/2020 

109 

.303 

9.0 

2.8 

11.3 

July  9 

0000/0220 

140 

185 

5.2 

1.3 

9.4 

July  9-10 

2037/0010 

213 

1943 

24.0 

9.1 

16.5 

July  10 

1940/2325 

225 

1987 

26.0 

8.8 

16.5 

July  1 1 

1714/1829 

75 

97 

3.4 

1.3 

II.O 

July  13 

2001/2032 

31 

12 

1.0 

0.4 

14.0 

2020/2232 

132 

96 

2.0 

0.7 

14.0 

TOTAL 

2991 

12820 

4.2 

1976 

July  8 

151.3/1543 

30 

47 

7.0 

1.6 

July  13 

1725/1835 

70 

359 

15.4 

5.1 

15.8 

model  containing  -1-24  coulombs  of  upper  charge.  -20 
coulombs  of  intennediate  level  charge  and  -i-4  coulombs 
of  lower  positive  charge.  The  lower  trace  represents  the 
field  at  the  surface  due  to  this  medei .  The.  height  and  distance 
scale  shown  is  typical  of  most  European  thunderstorm  sit¬ 
uations.  United  States  and  tropical  area  storms  may  have 
.nuch  larger  dimensions.  Later  balknin  soundings  by  Chap¬ 
man  11958),  Winn  et  al.  11981).  Weber  et  al.  )I982).  and 
Rust  and  Moore  )1974).  far  example,  have  been  made  in 
New  Mexico  storms.  Parker  and  k'asemir )  1982)  have  sum¬ 
marized  the  electrical  structure  of  the  lower  regions  of  Col¬ 
orado  and  Wyoming  storrns  as  measured  by  Kasemir  and 


Holitza.  Two  aircraft  equipped  with  electric  field  sensors 
were  used  to  acquire  data  at  two  altitudes  in  the  storm.  A 
typical  vertical  field  profile  is  shown  in  Figure  20-38.  Chap¬ 
man’s  )i9581  balloon  s(.unding  had  a  generally  similar  shape. 
However,  positions  of  the  field  maxima  and  zero  crossover 
points  were  located  about  500  m  lower  and  the  maximum 
fields  inferred  were  about  ±90'kV/m. 

Combined  cloud  physics  and  ei’ctrical  measurements 
of  thunderstorm  ptoperties  were  conducted  as  a  joint  Air 
Force-National  Severe  Storms  Project  experimental  program 
during  the  1962-1966  time  period.  Figure  20-39  depicts  the 
vertical  electric  field,  voltage  on  the  F-lOOf  penetration  air 
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Geographical 

ItK'ation 

Charge 

tO 

Altitudes  of 
lightning  charjes 
above  IikuI  ierrain+ 
(km) 

Range  of  air 
temperatures 
(K) 

Moment 
changes 
(C  •  km) 

Investigators 

Florida 

-  10  to  -40 

6  to  9.5 
(0) 

263  to  2.49 

100  to  600 
400  (av) 

present  study 

England 

-  II.. *5  to  -46 

7 

(1) 

,  239* 

33  to  430 

Wilson  (1916) 

England 

-20 

2 

(1) 

4.5  to  5 
(1) 

272.5* 

100  (av) 

Wilson  (1920) 

England 

-  10  to  -  40 

257  to  254* 

220  (av) 

'Vormeil  (1939) 

England 

— 

— 

— 

150  (av) 

Pierce  ( |955; 

South  Africa 

-  I.S 

3 

(1.8) 

260* 

93  (av) 

Schonland 

(1928) 

South  Africa 

-4  to  -  40 

2.5  to  8.7 
(1.8) 

263  to  225* 

41  to  495 

Barnard  (1951) 

South  Africa 

.  4  to  8.5 

(1.8) 

266  to  235 

Malan  and 
Schonland 
(l‘4.5l) 

New  Mexico 

-  24  (av) 

4  to  7 
(1.6) 

268  to  248 

— 

Workman  et  al: 
(1942) 

New  Mexico 

-  .5  to  -  20 

4.3  to  7.2 
(2.1) 

266  to  240 

— 

Reynolds  and 
Neill  (19.55) 

New  Mexico 

-  5  to  -  60 

3  to  8 
(1.8) 

260  to  2-47* 

249  (av) 

Brook  et  al. 
(I%2) 

New  Mexico 

-.40  to  -4« 

4.5  to  6 
(1.8) 

270  to  2.50* 

— 

Krehbiel  et  al. 
(1974) 

Japan 

-  .‘iO  to  -  I.V) 

4  to  8 
(1) 

269  to  248 

— 

Hatakayams 

(19.58) 

Japan 

-  6  to  -  .‘i.'i 

6  to  8 

(I) 

262  to  249* 

— 

Tamura  ( 1954) 

Japan 

-20(av) 

3.5  to  5.5 
(1) 

276  to  265* 

— 

Takeuti  ( 1966) 

Mong  Kong 

-2.<)  (av) 

4 

(1) 

3  (median) 

(1) 

272* 

210 (av) 

Wang  (1963) 

Australia 

“  17  (median) 

278* 

150  (av) 

Mackerras 

(1968) 

•f:stima(i.-d  (criiporalur^''  iisint!  L'liiii.itoloi’ical  avcraiic'  for  (he  month  of  intervM  H'  S.  IX'pannK'nt  of  Coninx-ric.  1971 1. 
7The  niimhcr>  in  pareniho  cv  tnrln.a(e  ((ic  osdntatcd  hetjiht  of  the  hval  terrain  abttve  eea  level. 


cral'l.  and  the  sltrmt  draft  and  tcnipcruture  Structure  during  a  Electric  fields  extend  a  considerable  distance  into  the 

typical  penetration  of  an  active  thunderstorm  at  9  km  alti-  '  clear  air  surrounding  the  storm.  The  finite  electrical  con- 
tude.  Truces  on  the  left  .tf  the  figure  represent  the  complete  ductivity  of  air  due  to  small  ion  pair  pioduction  by  the 

penetration  path:  those  on  the  right  are  an  expanded  dcpic-  cosmic  radiation  permits  a  weak  current  Bow  of  ions  to 

tion  of  the  electrical  structure  bracketing  the  time  of  an  air-  the  cloud  boundary  in  response  tr>  the  storm-generaied 

craft  lightning  strike.  Aircraft  potential  with  respect  to  the  field.  Effects  of  the  developrncnt  of  boundary  layer  sheaths 

environment  at  several  w  ingspan  distances  is  seen  to  be  as  large  of  space  charge  of  opposite  pirlarity  to  the  main  storm 

as  400  kV.  The  vertical  electrostatic  field  change  associated  charges  due  to  this  current  flow  may  complicate  the 

with  this  strike  was  in  excess  of  200  kV/m.  The  general  mag-  interpretation  of  measurements  of  field  and  field  chanees 
nitude  I'f  the  vertical  field  at  9  km  in  thiv  large  Florida  stomr  taken  external  to  the  storm.  The,  .etical  analyses  of  these 

is  similar  to  that  shown  in  the  4  to  f>  km  range  in  the  smaller  p^tblcms  are  given,  for  example,  by  Brown  et  al.  |I97I|. 

Colorado  storms  (Figure  20- .4Kl.  Hoppel  and  Phillips  |I97I|.  Illingsworlh  |I97I|.  and  Klett 
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Figure  20-37.  Electric  field  sfructure  of  repfcsentaiivc  European '  thun- 
'  detstorms  (Simpson  arid  Robinson.  1941]. 


119721.  These  studies  indicate  external  measurements,  due 
to  a  field  screening  effect  by  the  boundary  sheath,  may 
yield  underestimates  of  the  major  cloud  charges  and  of 
the  true  charge  center  regeneration  rates  that  follow  a 
lightning  event.  The  electrical  structure  of  real  storm 
boundarit.'i  is  further  complicated  by  the  mechanically 


Figure  20  Venical  licid  pallcrn  in  fuU'rado  ihundcrsiiirms  IParker 
and  Kasemir.  I9K21  (Rcprinlcd  with  permission  from  IKKE. 
C  19X2.) 


Figure  20-39.  Electrical,  thermal,  and  draft  structure  associated  with  air 
craft  lightning  strike  at  9  km  altitude. 


forced  motions  of  the  cloud  particLs  to  which  the  mov 
ing  small  ions  attach.  These  motions  are  due  to  the  com 
bined  horizontal  wind  and  vertical  up  and  down  draft  ve 
locities  associated  with  the  turbulent  cloud  motions:  Givei 
these  possible  complications  in  the  interpretation  of  th 
data,  two  examples  of  the  field  measured  in  the  clear  ai 
at  high  altitudes  by  instrumented  aircraft  are  shown  i; 
Figures  20-40  and  20-41.  The  first  indicates  how  thre 
components  of  the  electric  field  incident  on  an  aircral 
vary  during  a  track  along  the  western  edge  of  a  larg 
Florida  storm.  The  aircraft  radar  was  used  to  map  se\ 
eral  contours  ,  of  storm  reflectivity  of  the  storm’s  precip 
itation  horizontal  cross  section  structure  in  the  vicinity  c 
9  km  altitude.  The  three  field  components,  E»  orientc 
along  the  flight  track,  Ey  directed  along  the  wing,  and  E 
the  vertical  component,  undergo  systematic  amplitud 


Figure  20-40,  Clear  air  electric  field  components  and  radar  cross  secti< 
of  a  Florida  'thunderstt>nTi. 
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Figure  20-41 .  Vertical  field  at  20  km  altitude  on  overflight  of  an  Oklahoma 
thunderstorm  (Fitzgerald  and  Cunningham.  19651. 

variations  as  the  aircraft  moves  past  the  major  charge 
concentrations.  In  general,  maxima  in  Ev  and  E,  occur 
when  the  aircraft  is  at  the  closest  radial  distatxre  to  charge 
centers.  The  two  maxima  in  E,  are  related  to  boundaries 
of  charge  volumes  and  the  zero  crossover  in  E,  occurs 
near  the  maxima  in  E,  and  E,,  again  mdicating  the  di¬ 
rection  to  a  centroid  of  the  charge  center.  The  charge 
centers  are  usually  located  in  the  vicinity  of  the  higher 
values  of  radar  reflectivity  but  no  exact  coincidence  is 
found.  Field  components  at  midstorm  heights  may  have 
values  to  about  50  kV/m  In  the  vicinity  of  the  cloud. 
Figure  20-41  shows  a  complex  field  pattern  associated  with 
a  U-2  overflight  of  an  Oklahoma  thunderstorm.  The  cloud 
tops  were  near  13  km  altitude;  the  aircraft  was  at  20  km. 
Field  values  7  km  above  the  storm  were  in  the  range  of 
1  kV/m.  The  sharp  di.scontinuities  in  the  trace  are  due  to 
the  very  active  lightning  activity  that  was  in  progress. 
Other  overflight  data  indicate  fields  about  3  km  above  the 
storm  are  about  5  kV/m  with  lightning  field  changes 
rangiiig  to  10  kV/m.  These  fields  produce  a  significant 
current  flow.  Gish  and  Wait  |1950|  in  the  first  overflight 
electrical  measurements  reported  the  average  upward  di¬ 
rected  current  flowing  through  the  upper  regions  of  storms 
to  be  about  one  ampere.  The  range  of  currents  for  a  data 
base  of  65  traverses  was  from  0.1  A  to  6  A. 


20.2.2  Lightning  Characteristics 

20.2.2.1  General  Phenomenology  of  the  Discharge. 

The  lightning  discharge  is  a  complex  propagating  gas  break¬ 
down  process  It  is  thought  to  originate  when  a  locally  strong 
electric  field  has  developed  in  the  vicinity  of  small  volumes 
of  intense  space  charge.  These  differential  charge  concen¬ 
trations  are  trapped  on  cloud  and  precipitation  particles  in 
the  thunderstorm.  In  midlatitudes  lightning  usually  begins 
after  storm  tops  have  risen  to  7  to  9  km  and  when  a  radar 
echo  has  been  present  for  10  to  20  minutes.  Vertical  draft; 
are  normally  in  the  range  of  10  to  20  m/s  by  this  time.  In 
high  latitudes  or  winter  storm  conditions,  lightning  may 
occur  with  cloud  tops  in  the  3  to  4  km  range. 

Characteristics  of  the  discharge  channel  are  deduced 
from  high-speed  photography,  optical  spectra,  and  meas¬ 


urement  of  the  acoustic  and  electromagnetic  signals  asso¬ 
ciated  with  the  flash.  Further  understanding  of  the  physical 
properties  of  lightning  channels  has  been  greatly  advanced 
through  measurements  on  sparks  of  several  meter  lengths 
as  produced  by  very  nigh  voltage  generators.  Cloud  ground 
strike  characteristics  have  been  analyzed  from  numerous 
measurements  taken  at  instrumented  towers.  Test  aircraft 
are  in  use  to  study  properties  of  intracloud  strokes  and  their 
electrical  interactions  with  the  aircraft. 

The  terminology  which  has  evolved  to  aid  in  description 
of  the  very  complex  gas  electrical  breakdown  phenomena 
is  rather  specialized.  The  definitions  of  temis  given  here  is 
adapted  from  extensive  descriptions  of  lightning  character¬ 
istics  by  Schonland  |I956|,  Uman  11984).  and  Uman  and 
Krider  j  I982|.  The  overall  cipud  to  ground  lightning  event 
IS  defined  as  a  flash.  It  normally  has  a  duration  in  the  range 
of  0.1  to  1  s.  A  frequent  value  is  0.5  s.  A  majority  of  these 
events  neutralize  I  Os  of  coulombs  of  negative  charge.  How¬ 
ever,  a  significant  number  of  long  duration  high  energy 
flashes  neutralize  a  positive  cloud  charge.  The  common 
negative  flashes  frequently  are  made  up  of  three  or  four 
discharge  components  of  about  I  ms  duration  which  are 
separated  in  time  by  40  to  greater  than  100  ms.  These  events 
are  defined  as  the  individual  strokes.  The  time  sequence  of 
events  starts  as  a  preliminary  breakdown  process,  which 
may  begin  in  the  vicinity  of  the  lower  positive  and  negative 
charge  regions  in  the  cloud  as  shown  in  Figures  20-34  and 
20-37.  TTie  channel  extension  below  cloud  base  for  the  first 
stroke  in  a  flash  is  called  a  stepped  leader  based  on  the 
appearance  of  the  chain  of  bursts  of  luminosity  accompa¬ 
nying  the  channel  motion  toward  the  earth.  The  initial  leader 
breaks  down  the  dielectric  strength  of  air  through  a  sequence 
of  luminous  connecting  links  of  about  50  m  lengths.  Each 
segment  is  formed  in  about  I  p.s,  with  an  average  50  (jts 
delay  before  formation  of  the  next  segment.  The  return 
stroke  begins  when  this  leader  approaches  the  ground  and 
contacts  an  upward  directed  discharge  from  the  ground.  This 
discharge  is  initiated  by  the  very  large  potential  difference 
of  about  10“  V  between  the  tip  of  the  approaching  leader 
and  the  earth’s  surface.  A  very  rapid  equalization  of  charge 
in  the  channel  then  occurs  at  a  speed  of  about  one  third  the 
velocity  of  light.  The  most  spectacular  lightning  events  such 
as  intense  luminosity,  high  peak  current  and  rate  of  change 
of  current,  rapid  electric  and  magnetic  field  changes,  and 
production  of  thunder  due  to  strong  heating  and  expansion 
of  the  lightning  channel  are  associated  with  the  return  stroke. 
Subsequent  strokes  usually  follow  the  existing  partially  ion¬ 
ized  channel.  Recharging  of  this  channel  from  new  regions 
of  do  jd  charge  is  accomplished  by  a  fast  continuous  process 
known  as  the  dart  leader.  Subsequent  return  strokes  usually 
do  not  display  the  branching  structure  of  the  first  stroke. 
The  time  sequence  of  events  for  a  three-stroke  lightning 
flash  as  it  would  be  photographed  with  a  moving  film  and 
a  stationary  camera  is  summarized  in  Figure  20-42  adapted 
from  Uman  1 1984]. 

Intervals  between  strokes  are  variable.  A  representative 


Figure  20-42.  Luminous  feilutes  of  cloud  ground  lightning  flash:  (a) 
moving  film  camera  and  (b)  siaiionary  film  camera  |Uman, 
19841. 


value  is  SO  ms.  These  are  usually  preceded  by  an  impulsive 
dart  leader  utilizing  the  existing  ionized  air  to  recharge  the 
channel  at  about  a  10*  m/s  rate.  The  overall  strike  sequence 
may  involve  a  time  period  ranging  up  to  about  one  second. 
During  the  time  intervals  between  the  leader-return  stroke 
sequences,  the  channel  can  remain  weakly  conducting  for 
ab^t  100  ms  thus  permitting  a  long  duration  current  of  the 
order  of  100  A  to  flow.  Most  of  the  actual  charge  transfer 
is  accomplished  by  this  current.  The  large  peak  currents  and 
fast  rise  time  events  are  associated  with  the  initial  portion 
of  the  return  stroke.  Rise  times  of  0. 1  to  2  ps  are  common. 
Peak  currents  may  exceed  100  kA  although  20  to  30  kA  arc 
typical.  The  statistical  distribution  of  lightning  parameters 
is  given  in  Table  20-8  as  prepared  by  Cianos  and  Pierce 
(19721. 

20.2.2.2  Characteristics  of  Radio  Frequency  Signals  due 
to  Lightning.  The  return  stroke  current  surge  generates 
the  most  energetic  natural  radio  sign.-ls  found  on  earth.  The 
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spectral  energy  has  a  maximum  in  the  4  to  8  khz  poitron 
of  the  very  low  frequency  (VLF)  band.  The  stepped  leader 
pulses  and  a  somewhat  similar  in-cloud  channel  propagation 
mode  involving  current  surges  known  as  “K"  changes  also 
radiate  at  VLF  with  spectral  amplitudes  about  1091  thiu  of 
return  strokes.  Long  duration  strokes  also  produce  extremely 
low  frequency  (ELF)  signals  in  the  30  hz  to  3  khz  band. 
These  VLF  and  ELF  signals  ~an  easily  be  received  at  dis¬ 
tances  of  many  thousand  kilometers  since  they  propagate 
as  a  guided  wave  within  the  spherical  shell  formed  by  the 
earths  surface  and  the  lower  ionosphere.  Very  extensive 
studies  of  ionospheric  properties,  radio  wave  propagation, 
and  long  distance  direction  finding  for  locating  zones  of 
disturbed  '..eather  have  been  conducted  using  lightning  as 
the  signal  source.  A  comprehensive  treatment  of  ELF  and 
VLF  propagation  and  detailed  models  of  natural  radio  noise 
sources  can  be  found  in  Galejs  (1972). 

The  general  nature  of  the  radiation  produced  by  a  light¬ 
ning  return  stroke  at  a  range  of  some  40  to  100  km  from  a 
surface  observation  point  is  calculated  as  a  solution  to  the 
electromaghetic  problem  of  a  current  monopole  above  a  flat 
conducting  plane  or  of  tlie  equivalent  free-space  dipole. 

The  vertical  electric  field  for  this  model  is  given  by 


_1_/^  _L  ^  d-M\ 

4'ire„  \  d'  ^  cd^  dt  ^  c’d  ^  dt’  / 


(20.28) 


Here  M  =  22qh  at  retarded  time  (t  -  d/c)  is  the  charge 
distribution  involved  in  the  flash  where  q  is  the  charge  and 
h  its  height,  c  is  the  velocity  of  light,  d  is  the  range  in 
meters,  and  e,,  is  the  permittivity  of  free  space.  The  terms 
in  the  equation  are  generally  known  as  the  “electrostatic,” 
“induction,"  and  “radiation"  components  of  the  field  cliange. 


Table  20-8,  Siatisiical  disiHbuiions  ^or  lightning  parameters  (Clamos  and  Pierce.  1972]. 


Percentage  of  Occurrence 

Parameter® 

2% 

10% 

50% 

90% 

98% 

Number  of  return  strokes 

lO  to  1 1 

5  to  ,6 

2  to  3 

— 

Duration  of  flash,  ms 

850 

480 

180 

68 

36 

Time  between  strokes,  ms 

320 

170 

60 

20. 

II 

Return  strokes  current,®  kA 

140 

65 

20 

6.2 

,  3.1 

Charge  transfer  per  flash,  C 

200 

75 

15 

2.7 

1 

Time  to  peak  current.  u.s 

12 

5.8 

1.8 

0.66 

0.25 

Rales  of  current  rise.  ^A/pis 

100 

58 

22 

9.5 

5.5 

Current  half-value  time,  p.s 

170 

100 

45 

17 

.  10.5 

Duration  of  continuing  current,  ms 

400 

260 

160 

84 

58 

Continuing  current,  A 

520 

310 

140 

60 

33 

Charge  of  continuing  current.  C 

no 

64 

26 

12 

7 

■  Note  that  ail  of  the  parameters  arc  independent.  Some  judgment  must  be  made  in  using  the  values  for  consistency. 
*^^Values  for  first  s'  .ikc. 
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The  relative  importance  of  the  terms  varies  as  a  fuiKtion  of 
frequency.  The  radiation  term  starts  to  predominate  at  range 
d  =  c/2tTf. 

The  associated  magnetic  field  is 


The  terms  are  known  as  the  “induction”  and  “radiation” 
Components  for  this  equation.  McLain  and  Uman  |I97I] 
have  derived  exact  equations  based  on  more  realistic  Current 
variations  of  the  "M"  term.  At  ranges  beyond  50  km.  Equa¬ 
tions  (20.28)  and  (20.29)  were  shown  to  be  accurate.  At 
distances  where  the  channel  length  is  comparable  to  the 
range,  the  assumptions  for  derivation  of  the  above  equations 
are  invalid.  Wait  |I959|  has  shown  that  the  d  <  f,  the 
vertical  field  is  approximately 


E,  »  X  •"(x) 


with  a  corresponding  magnetic  field 
B*  =  M,.l/2ird. 


(20.31) 


where  f  is  the  frequency,  X  the  wavelength,  and  I  the  channel 
current. 

A  variety  of  more  complex  models  of  the  lightning  ra¬ 
diation  source  current  shape  and  of  propagation  velocity  in 
the  channel  have  been  developed  to  permit  more  realistic 
calculations  of  the  electromagneuc  held  waveforms.  Details 
of  the  recent  status  of  this  work  can  be  found  in  Lin  et  al. 
[19801  and  Master  etal.  (1981). 

The  VLF-LF  electric  field  spectra  associated  with  Flor¬ 
ida  thunderstorms  has  recently  been  obtained  for  source 
distances  ranging  from  1 .5  km  to  200  km.  Table  20-9  taken 


Table  20-9.  Mean  and  standard  deviations  (s.d.)  of  electric  field  spectra  in  decibels  for  various  distances  ISetban  et  al..  1980]. 
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Frequency 

kHz 

First  strokes 

Subsequent  strokes 

Distance, 

km 

Number  of 
strokes 

Mean, 

dB 

s.d.,  dB 

Number  of 
strokes 

Mean, 

s.d.,  uB 

2 

1.5 

6 

-15.8 

4.0 

5 

1.5 

6 

-19.2 

3.0 

10 

1.5 

6 

-24.2 

3.2 

100 

1.5 

6 

-43.6 

3.4 

300 

1.5 

6 

-52.0 

3.4 

2 

4.0 

4 

-35.0 

2.4 

4 

-39.8 

2.8 

5 

4.0 

'  4 

-38.8 

2.2 

4 

-41  6 

2.8 

10 

4.0 

4 

-44.2 

2.6 

4 

-47.0 

2.0 

100 

4.0 

4 

-64.0 

1.8 

4 

-67.2 

3.2 

300 

4.0 

4 

-71.2 

3.4 

4 

-72.0 

2.2 

2 

7.0 

9 

-44.6 

3.2 

8 

-50.0 

2.0 

5 

7.0 

9 

-46.8 

1.8 

8 

-51.0 

2.2 

10 

7.0 

9 

-53.4 

2.2 

8 

-56.6 

3.2 

100 

7.0 

9 

-72.8 

4.0 

8 

-72.8 

4.2 

300 

7.0 

9 

-77.0 

3.2 

8 

-82.2 

4.0 

2 

10.0 

6 

-51.4 

3.8 

15 

-56.0 

4.8 

5 

10.0 

6 

-53.4 

3.2 

15 

-57.5 

4.2 

10 

10.0 

6 

-58.8 

3.6 

15 

-64.6 

4.0 

100 

10.0 

6 

-75.2 

6.0 

15 

-80.2 

7.0 

300 

10.0 

6 

-81.4 

2.6 

15 

-85.6 

3.4 

2 

50.0 

13 

-71.4 

6.4 

21 

-77.0 

4.5 

5 

50.0 

13 

-69.2 

6.4 

21 

-75.2 

4.5 

10 

50.0 

13 

-76.2 

4,6 

21 

-79.4 

3.0 

100 

50,0 

13 

-92.0 

6.6 

21 

-95.0 

4.0 

300 

50.0 

13 

-103.6 

6.6 

21 

- 108.6 

4.8 

2 

200.0 

22 

-86.0 

5.6 

34 

-89.3 

5.0 

5 

200,0 

22 

-83.6 

5.1 

34 

-87.0 

3.6'  • 

10 

200  0 

22 

-88,2 

4.1 

34 

-91.2 

3.6 

100 

200.0 

22 

-  105,6 

5.4 

34 

-  108.0 

4.0 

300 

200,0 

22 

-124.5 

6.1 

34 

-127.0 

6.2 
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Figure  20*43.  Peak  electric  Held  variation  vs  distance  from  lightning  dis¬ 
charges  (Watt,  l%91. 
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Figure  20-45.  The  structure  i>!  the  fields  radiated  h>  lightning  as  a  tuns!i«*o 
of  lime  and  la't^uenev  }C‘iarH»s  and  Pierce.  I972j. 


from  Serhan  et  al.  |I980|  gives  the  dh  values  as  20  limes 
the  magnitude  (Vs/m)  of  the  frequency  spectrum  for  fre¬ 
quencies  ranging  from  2  kh/  to  3(K)  kh/..  . 

Earlier  data  on  the  peak  electric  held  vs  source  distance 
as  summarized  by  Watt  |I9691  is  given  in  Figure  20-43. 
The  transitions  of  slope  from  a  nearly  constant  held  asso¬ 
ciated  with  a  nearby  Hash  to  the  I/d'  electrostatic  Held  re¬ 
gime  and  final  ’/()  radiation  field  arc  clearly  depicted  The 
peak  signal  amplitude  in  a  I  khz  bandwidth  as  a  function 
of  received  signal  frequency  is  given  in  Ficurc  20  44.  Liata 
of  the  investigators  listed  in  the  figures  have  been  normalized 


Figure  20-44.  Peak  received  amplitude  as  a  function  of  frequency  (Cianos 
and  Pierce.  1972). 


Figure  2n-4f».  ProPabilitv  distribution  ol  ciirrctn  peaks  in  a  liehtnine  tl.ish 
K■.,llcls.  19721 
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to  a  source  distance  of  10  km  and  presented  by  Cianos  and 
Pierce  1 1972|. 

The  amplitude  variation  patterns  of  the  radio  noise  buist 
due  to  a  lightning  event  are  complex  and  have  a  considerable 
variation  of  structure  at  different  frequencies,  i-'igutc  20-4S. 
also  due  to  Cianos  and  Pierce  |I972|  depicts  the  general 
nature  of  the  received  fields  due  to  cloud-ground  and  ihtra- 
cloud  flashes  at  four  frequencies.  The  termimtlogy  "recoil 
streamers"  refers  to  within  cloud  current  surges  associated 
with  the  channel  contacting  small  highly  charged  regions. 
These  are  the  same  as  the  "K"  changes  previously  described. 

The  magnitude  of  the  varitnis  parameters  of  lightning 
phenomena  varv  over  a  wide  range.  It  is  common  to  assume 
that  the  logarithm  of  the  parameter  of  interest  can  be  fit  to 
the  normal  or  Gaussian  statistical  distribution.  For  example 
the  probability  that  a  peak  current  I  exceeds  a  reference 
current  I„  can  be  written  &.s 


where  m  is  the  median  val  le  of  Ini  and  o  is  the  standard 
deviation.  Galejs  1 1972|  has  sun'.mcrized  data  on  peak  cur¬ 
rents  involved  in  power  transmission  line  flashes  as  mea¬ 
sured  in  several  countries.  The  probability  distribution  is- 
shown  in  Figure  20-46. 

In  nscent  years  the  relation  of  VHF  radio  noise  to  channel 
characteristics  has  become  much  better  known  as  a  result 
of  studies  of  incipient  lightning  streamers  and  subsequent 
channel  development.  As  suggested  by  Figure  20-45.  the 
noise  structure  is  very  complex,  but  it  appears  as  indicated 
by  Proctor  1 1981 1  that  irregular  patterns  of  short  individual 
pulses  and  of  longer  bursts  of  pulses  occur  at  VHF.  Pulse 
rates  range  from  10'  to  greater  than  lO'/s  with  individual 
pulse  durations  from  about  0. 1  to  I  p,s.  The  stronger  pulses 
are  thought  to  !-<c  associated  with  ionization  produced  at  the 
tip  of  the  channel  extension  into  previously  neutral  air  while 
weaker  noise  bursts  are  associated  with  rcintensification  of 
ionization  in  a  decaying  channel  due  to  dart  leader  or  recoil 
.streamer  reconnections  with  the  main  charge  souaes.  Streamer 
propagation  velocities  range  from  lO'  to  10’  m/s.'with  current 
in  the  channel  of  the  order  of  l(K)  A.  A  charge  density  of 
around  10  '  C/m  of  channel  length  is.  established  in  the 
process. 

Kaciturin  ct  al.  1 1974|  demonstrated  systematic  changes 
in  the  RF  spectra  over  a  range  0. 1  to  .VK)  Mhz  as  convective 
clouds  developed  to  the  ihiin(lerst>)mi  stage.  Short  bursts  of 
noise,  usually  of  10  to  15  ms  duration.  vKcurred  for  5  to 
10  min  preceding  lightning  activity.  Al  100  Khz.  the  burst 
amplitudes  were  about  KK)  uV/p,  in  I  Khz  bandwidth  as 
normalized  to  10  km  distarec  Vv'ith  storm  development,  a 
secondary  maximum  in  the  pulse  duration  statistics  was 
found  to  (Kcur  in  the  KK!  to  150  ms  interval.  Concurrently 


the  I  IK)  Khz  signal  amplitude  increased  to  about  50  (XK> 
giV/m  Khz  normalized  as  above. 

20.2.3  Precipitation  Static  Characteristics 

Flight  thnrugh  various  haze  conditions,  dust  or  sand 
storms,  ain.  and  particularly  through  smrw  and  ice  crystal 
clouds,  causes  a  considerable  accumulation  of  charge  and 
an  aircraft  voltage  of  the  order  of  l(K)  kV  with  respect  to 
the  environment.  Charge  accumulation  results  from  colli¬ 
sions  of  the  cloud  and  precipitation  particles  with  the  air¬ 
craft.  The  magnitude  of  the  charging  current  is  rclatcd  to 
the  mean  net  charge  transferred  per  impact  and  the  number 
of  particles  intercepted  per  unit  time.  Thus  it  is  pnvportional 
to  the  frontal  area  of  the  aimraft.  Dii-chargc  takes  place 
through  the  engine  exhaust  and  by  corona  from  the  high 
curvature  portions  of  the  airframe.  The  corona  pulses  have 
a  serious  effect  on  radio  rcccptirm  below  about  .W  Mhz  and 
at  times  interfere  with  VHF  and  UHF  reception.  An  early 
discussion  of  this  phenomenon  and  of  the  development  of 
corona-resistant  antenna  sheaths  and  low  noise  dischargers 
is  given  in  a  series  of  articles  by  Gunn  et  al.  |I946|.  De¬ 
velopment  of  later  dischargers  for  Jet  aircraft  is  described 
by  Nanevicz  and  Tanner  |19f>4|. 

High-speed. aircraft  have  additional  noise  problems.  At 
speeds  above  I  .tO  m/s  the  noise  level  may  increase  at  rates 
up  to  the  sixth  power  of  the  speed  [Couch.  1960].  Three 
noise  generating  mechanisms  arc  conma  pulses,  an  effect 
called  streamcring  (flashover  to  the  airframe  of  charge  built 
up  on  dielectric  surfacc.s).  and  an  effect  due  to  antenna 
pickup  of  suddeti  changes  in  particle-impact  voltage.  The 
latter  noise  is  at  least  .54  dB  below  the  streamcring  noise 
level.  The  spectrum  of  impact  noise  decreases  inversely  with 
frequency.  The  streamcring  spectrum  is  hearly  flat  to  16') 
Khz.  rolling  off  to  .5  dB  down  at  480  Khz.  Corona  pulses 
have  rise  times  of  a  few  nanoseconds  with  decay  to  505( 
in  .50  ns  at  sea  level  pressure.  At  10  km  altitude  the  rise 
and  decay  times  shift  to  20  and  100  ns  with  the  reduced 
pressure.  Wide  band  RF  noise  is  easily  generated  by  these 
pulses.  I:  must  be  decoupled  f'om  the  aircraft  antennas. 
This  is  accomplished  through  use  of  very  sharply  pointed 
static  discharge  points  which  act  to  reduce  the  amplitude  tif 
the  corona  pulses  and  by  the  use  I'f  high  resistance  rods 
extending  from  trailing  outboard  ItKationson  aircraft.  These 
rtxls  pnivide  a  mechanical  connection  for  the  points  and 
maintain  them  at  the  same  IX’  potential  as  the  aircraft.  The 
resistance  and  distributed  capacitance  of  the  installathin  act 
as  a  filter  to  greatly  reduce  the  radio  frequency  content  of 
the  discharge  current. 

20.2.4  Distribution  and  Duration  or 
Thunderstorms 

About  50  000  thunderstorms  (h.\ iir  every  day  throughout 
the  world  and.  on  the  average,  about  2(>00  storms  arc  in 


A itrnr^ 
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pnigrcss  at  any  time,  t^r^c  scale  charts  uf  the  frequency 
of  (KcufTcnce  of  storms  over  the  earth  as  a  function  of 
liK'atiivn  and  nuwith  were  published  hy  the  Wvtrld  Meteor¬ 
ological  Organization.  Geneva.  Switzerland  and  were  re¬ 
printed  in  the  l%()  edition  of  the  HundhvNvk  of  Geophysics. 
A  thunderstorm  day  is  internationally  defined  as  a  day  on 
which  thunder  is  heard.  No  account  is  taken  of  the  duration 
or  number  of  stonns  on  a  given  day  in  the  tabulation  of 
these  statistics.  As  illustrations  of  the  data  available,  new 
more  detailed  charts  have  been  prepared  taking  into  account 
ainicid  data  compiled  by  the  US.XF  hnvimnmental  Tech¬ 
nical  Applications  Center  iBTACl.  some  topographic  fea¬ 


tures.  and  the  probable  distribution  across  national  bound¬ 
aries.  These  are  shtiwn  as  Figures  20-47  and  20-4K.  Data 
fn>m  Sickol'nikov  |  l‘J.S.S|  and  from  Arkhipova  |  I0.S71  have 
been  used  for  assistance  in  constructing  the  maps  for  the 
US.SR.  The  accuracy  of  charts  such  as  these  could  be  con¬ 
siderably  impmved  thnnigh  addition  of  satellite  and  RF 
direction  finder  information  In  general  aKnif  one  half  the 
storms  last  for  one  hour,  a  quarter  for  two  hours.  Complex 
systems  may  produce  activity  for  many  hours.  A  compre¬ 
hensive  discussion  and  monthly  summaries  of  thiindcrsiorm 
days  at  a  number  of  stations  in  the  USSR  can  be  found  in 
Arkhipova  1 19.S7). 
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Section  21.1  G.P.  Anderson,  H.S.  Muench 
Section  21.2  R.E.  Good 
Section  21.3  C.R.  Philbrick 
Section  21.4  W.  Swider 


'ihe  thin  envelope  of  gas  that  surrounds  the  earth  ha.> 
evolved  into  the  present  slate  routinely  accepted  as  our  at¬ 
mosphere.  While  the  evolutionary  history  of  the  atmosphere 
ha.i  been  .^.tidied  by  several  scientists,  this  •'hapte.'  deals 
only  with  our  current  understanding  of  the  gas  specic.^  pres¬ 
ent.  The  density  and  temperature  structure  and  the  nomen¬ 
clature  adopted  to  describe  it  have  been  discussed  in  Chap¬ 
ters  14  through  16. 

The  atmosphere  can  be  viewed  as  a  giant  photochemical 
and  dynamical  experiment  w  ere  -eroiio'^ers  try.  with  lim¬ 
ited  snapshot  glimpses,  to  '..nierstand  and  model  its  com¬ 
plexities.  Nitrogen  and  oxygen  in  molecular  and  atomic 
forms  contribute  99%  of  the  total  atmospheric  composition 
to  altitudes  near  500  km.  However,  it  is  the  minor  species 
which  comprise  less  than  1%  of  the  atmosphere  that  are 
most  important  in  estab'ishing  the  chemical  and  dynamical 
behavior  of  the  atmosphere.  The  minor  species  of  interest 
include  all  forms  of  the  molecules  that  result  following 
dissociation  by  sunlight  of  not  only  the  major  species  but 
also  the  less  abundant  molecules  containing  hydrogen  and 
carbon.  Tne  noble  gases  also  contribute  to  the  sum  of  the 
minor  species  and  provide  inert  tracers  for  examining  the 
dynamical  processes  in  the  upper  atmosphere.  Sources  such 
as  meteorites,  interplanetary  dust,  and  the  solar  wind  con¬ 
tribute  additional  minor  species  to  the  top  of  the  atmosphere. 
Tropospheric  clouds,  aerosols,  ocean  spray,  anthropogenic 
sources,  and  industrial  pollution  contribute  sources  of  minor 
species  from  below.  Within  the  past  10  to  15  years,  the 
potential  impact  of  manmade  pollution  in  modifying  the  bulk 
properties  of  the  atmosphere  has  been  realized.  The  excited 
states  of  several  significant  minor  species  must  be  examined 
separately  because  of  the  special  importance  they  have  on 
particular  chemical  processes. 

The  role  of  the  minor  species  in  the  atmosphere  is  most 
important  to  the  following  topics: 

1.  Absorbing  and  shiciding  the  earth's  surface  from 
solar  ultraviolet  rrJiation 

2.  Establishing  the  radiation  balance  by  absorption 


and  emission  of  infrared  radiation  which  estab¬ 
lishes  the  thermal  structure  of  the  atmosphere 

3.  .Absorption  of  the  extreme  ultraviolet  radiation 
which  leads,  through  ion  chemistry,  to  the  for¬ 
mation  of  the  D,  E,  and  F  regions  of  the  iono¬ 
sphere 

During  the  past  10  years  significant  advances  in  mass  spec¬ 
trometry,  optical  spectrometry,  radiometry,  and  interfer¬ 
ometry  have  rapidly  improved  our  knowledge  o.^  the  at¬ 
mospheric  composition.  The  region  between  50  and  140  km 
can  be  directly  sampled  only  by  rocket  borne  instrum.nts. 
but  recent  advances  in  remote  sounding  techniques  are  be¬ 
ginning  to  provide  additional  data  of  a  trore  synoptic  nature 
in  this  region.  The  lower  altitudes  can  be  probed  by  aircraft 
and  balloons  while  the  higher  altitudes  have  been  examined 
during  the  past  20  years  by  satellite  instruments. 

21.1  ATMOSPHERIC  OZONE, 

BELOW  5*?  KM 

Ozone,  a  minor,  vc .  itle  constituent  of  the  atmosphere, 
is  recognize.i  as  a  dumiiie>it  influence  on  both  the  present 
and  past  chamete  ••'e  earth’s  environment.  It  contributes 
less  than  O.OiOi  the  total  atmospheric  mass,  yet  is  t^e 
critical  blocking  fijicf  for  dangerous  high  energy  solar  ra¬ 
diation  betwee  I  0.2  and  0.3  jtm.  The  ozone  redistributes 
this  absorbed  ubraviolet  energy  into  tht  strai  piieric  ther¬ 
mal  structure  thio.igh  co'lisional  heating.  Coincident  with 
its  absorption  ptriv.’ties.  ozone  alsaemits  radiation  at  longer 
wavelengths,  serving  a-  an  effective  co-sling  agent.  Because 
ozone  is  chemically  responsive  to  the  concentrations  of  other 
minor  constituents,  some  of  which  may  be  manmat’e,  it  has 
received  much  scientific  and  public  atrention. 

Ozo.ie  ;0,)  is  composed  of  three  atoms  of  oxygen  and 
is  gaseous  under  conditions  found  in  the  earth’s  atmosphere. 
T he  !x;nt  triatot.iic  structure  leads  directly  to  its  rich  rotation- 
vibration  infrared  signature.  Actual  concentrations  vary  con- 
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stJcrably  in  time  and  space;  the  vertical  distribution  is  dom¬ 
inated  by  the  occurrence  ,f  a  deep  stratospheric  layer  with 
maximum  values  of  5  x  10'’  m  '  (Krueger  and  Minzner, 
1976|.  Since  this  layer  is  embedded  within  the  exponential 
decrease  in  total  atmospheric  concentration,  ozone  is  often 
reported  in  units  of  mixing  ratio.  Typical  mixing  ratios  of 
0.03  to  0.10  parts  per  million  by  mass  (ppmm)  are  found 
throughout  the  troposphere,  with  an  abrupt  increase  begin¬ 
ning  only  at  the  tro)»pause.  A  stratospheric  maximum  mix¬ 
ing  ratio  of  approximately  12  ppmm  oceurs  near  35  km 
(Figure  21  1  (Diitsch,  I978|).  (Note:  Data  referenced  in 
Datsch  (19781  have  been  graciously  supplied  to  AFGL  by 
Professor  Diitsch  and  were  the  basis  for  Figures  21-1,  21- 
10and2l-ll.) 

The  gas  is  a  very  powerful  oxidant,  readily  attacking 
organic  compounds  (particularly  double-bonded  structures 
such  as  natural  rubber)  and  will  harm  sensitive  plant  and 
animal  tissue.  Most  life  forms  are  tolerant  to  normal  surface 
ozone  amounts,  but  unusually  high  doses,  even  for  brief 
pericxls.  will  prtxiure  damage  (CRC.  I%9;  Parent,  I978i. 
For  example,  humans  begin  to  smell  ozone  as  eoneentrations 
increa.se  above  levels  of  0.03  to  0.06  ppmm,  and  they  might 
notice  some  discomfort  at  0.05  to  0. 1  ppmm.  When  doses 
exceed  0.6  to  0.8  ppmm.  as  might  occur  under  extreme 
conditions  near  the  ground  or  at  jet  aircraft  altitudes,  a  two- 


Mixing  ratio  (ppmm) 


Figua*  2I'l.  (JIdhul  unnua!  mean  vertical  Jislribucion  <»f  o/imc  mixing 
ratid,  ii/(»ne  partial  prc->  :re.  Mid  hormali/cd  standard  de¬ 
viation.’ 


hour  exposure  will  pnxiuce  strong  irritation  (reversible)  to 
the  pulmonary  system  and  will  lower  resist-«nce  to  infection. 
Doses  of  IS  ppmm  are  fatal  to  laboratory  animals  and  will 
prtxlucc  severe  pneumonia-like  illness  in  humans.  Such  high 
concentrations,  although  frequent  in  the  middle  atmosphere, 
will  not  occur  naturally  in  the  habitable  environment. 

Units  far  Atmospheric  Ozone:  Published  reports  on  at¬ 
mospheric  ozone  vary  in  their  units  for  describing  ozone 
content.  The  choice  d.pends  on  the  measuring  technique  as 
s.cll  as  the  intended  user.  Vertically  integrated  or  total  ozone 
IS  normally  presented  in  "Dobson  Units;"  1  DU  equals  I 
milli-almosphere-centimeter  (m-atm-cm).  the  equivalent 
vertical  depth  of  pure  ozone  under  standard  temperature  and 
pressure.  The  vertical  ozone  distribution  is  sometimes  ex¬ 
pressed  in  DU/km,  but  more  frequently  is  presented  as  a 
mixing  ratio,  partial  pressure,  mass  density,  or  nuinber  den¬ 
sity.  Units  such  as  micrograms  (pg),  parts-p  r-million  (ppm), 
and  nanobars  inbar)  are  used  to  avoid,  including  powers  of 
ten.  Some  definitions  and  conversions  are  shown  in  Table 
21-1. 


21.1.1  Production 

Atmospheric  ozone  originates  primarily  from  photo- 
ehemical  reactions  in  the  stratosphere,  although  some  minor 
local  tropospheric  sources,  both  natural  and  anthropogenic, 
exist.  The  simplest  stratospheric  moael  for  ozone  prrxfuction 
(first  postulated  by  Sidney  Chapman  in  1930  (Chapman. 
1930))  hypothesizes  an  equilibrium  among  the  major  forms 
of  oxygen:  Oj.  O  and  0»;  the  latter  two  are  referred  to 
collectively  as  “odd"  oxygen.  Molecular  oxygen  provides 
a  re-evoir  of  O  atoms  thn>ugh  photodissociation: 

O,  -H  hv  —  O  4  O 

where  hv  is  the  quantized  representation  of  the  available 
Solar  ultra'iolet  energy;  (h  =  Planck's  t'onstapt  and 
V  =  frcijuency  of  the  photon.*  The  atomic  oxygen  raj, idly 
combines  with  the  abundant  in  a  three-btKly  collision  to 
form  oz.iinc; 

O  +  O:  +  M  —  O,  -I-  M. 

The  third  reactant  (M).  mi'st  likely  Nj  or  O..  is  necessary 
for  energy  and  momentum  balance.  The  primary  control  to 
this  ozone  formation  sequence  is  destruction  through  pho- 
todissiKiation: 

*  The  trcqucMey  tit  snhir  energy  required  loi  pholorhssix  i.uI'Mi  e.  is  >|K*- 
edieidh.  depeiuJe.il  on  the  strueture  ol  the  nioleeule.  I'o  brine  ahotit  o. 
diNM'eialion.  a  photon  h.is  '.utlieient  eneiey  onlv  at  \va\eieneth',  les^  than 
0.24  pin.  lor  (),.  eirerey  aNMKiated  rolti  waveleiielhs  b’i'veen  0  2  uik! 
0-.'  pill  p  most  ellteieiit.  ahhoiieh  otlier  narrow  w.i\eleiiet(i  iiilerraK  eon- 
tr'hute  hot  mole  detail  e.n  the  inoleeul.ii  ptn^ieN  eo'.ermne  .ibsoiptiiui  and 
photorhsMieialion  in  tlie  atmoepliere.  Nee.  tor  example,  (ioodx  }t'ir.4| 
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Ozone  Parameter 

Symbol 

Typical  Values 

Total  Ozone 

n 

305  DU  or  0.305  atm-cm  NTP 

Mass  Mixing  Ratio 

r.lm 

5  ppmm  or  5  x  10  *  g  OVg  air 
3  ppmv  or  3  x  KL'’  cm'  Oyem 
air 

80  nbars  or  80  p.mb 

Volume  Mixing  Ratio 

Tu 

Partial  Pressure 

p., 

Number  Density 

N., 

26  X  10”  molecules  Oi/m’ 

Mass  Density 

P.1 

210  pg/m’  or  2. 1  x  10  ’  kg/m’ 

N  T(IC) 

r.K  (ppmv)  =  0.604  r,^  (fig/g)  =  P,,  (nbar)/P(mb)  =  —  48  x  'io"t  p(mb) 

p  (p-g/tn’)  =  7.97  X  10'’  Nj  (molecules/m’)  =  21.41  Afl/AZ(DU/kni) 

Pj  (nbar)  =  1.732  x  10^  ’  p,  (pg/iTi')T  (Kelvin) 

An  =  0.790  P,  InlPi^Ph)  for  a  layer  bounded  by  P,  and  Ph 


Oi  -I-  hv  — ►  O  +  Os. 

Direct  recombination  of  O  and  O,  or  O  and  O  is  slow. 

The  observed  diurnal  modulation  in  ozone  densities  at 
and  above  the  stratopause  is  a  direct  response  to  the  loss  of 
the  photodissociative  Chapman  reactions  at  sunset.  The  pho¬ 
tochemical  balance  between  the  odd  oxygen  species  is  ab¬ 
ruptly  shifted  toward  O,,  producing  nighttime  increases  of 
approximately  IC%  at  50  km  and  50%  at  60  km  [Herman. 
1979;  Lean,  19S2;  Allen  et  al..  19841. 

The  simple  Chapman  scheme  predicts  an  ozone  distri¬ 
bution  with  a  properly  located  stratospheric  maximum;  how¬ 
ever.  the  magnitudes  of  the  calculated  concentrations  are 
generally  higher  than  the  measured  amounts.  Reactions  with 
and  among  other  trace  constituents,  including  oxides  of 
nitrogen,  hydrogen,  and  chlorine,  significantly  alter  the  ozone 
photochemical  balance  jCrutzen.  1971;  Molina  and  Row¬ 
land,  1974;  Nicolet.  19751.  The  full  chemical  description 
is  so  complex  that  the  number  of  recognized  reactions  now 
exceeds  one  hundred  and  is  continually  being  updated.  (See 
for  example  NASA/JPL  j  1982)  or  Anderson  et  al.  j  1985!.) 
The  catalytic  gas  phase  nature  of  many  of  these  reactions 
has  the  net  effect  of  accelerating  the  conversion  of  O  and 
O,  to  Oi.  For  example,  in  the  upper  stratosphere  the  hy¬ 
droxyl  (OH)  radical  can  react  with  ozone  to  form  hydrogen 
dioxide  (HO;)  plus  molecular  oxygen  [Thrush.  1980).  The 
HO;  rapidly  combines  with  atomic  oxygen,  reforming  OH 
and  nv)lecular  oxygen.  This  cycle  is  written  in  chemical 
notatioi'  as 

OH  -b  O,  —  HO;  -b  O; 

HO;  +  O  -*  OH  -t-  O; 

NET;  O  -i-  0,  -*  20; 

Similar  catalytic  reactions  (where  OH  may  be  replaced  by 
nitrogen  or  chlorine  radicals)  strongly  modify  stratospheric 
Oi  concentrations  and  are  dominant  in  the  tropospheric  ozone 
chemistry  [Fishman.  198.5). 

External  modifications  to  the  steady-state  distribution  of 
any  of  the  catalytic  constituents  can  perturb  the  momentary 


or  longer-lived  equilibrium  ozone  concentrations.  For  in¬ 
stance,  mixing  ratios  near  the  stratopause  respond  to  prop¬ 
agating  planetary  waves  becau.se  of  the  strong  temperature 
dependence  of  the  hydrogen  reactions  [Barnett  et  al..  1975). 
In  addition,  the  occurrence  of  solar  proton  events  has  been 
associated  with  a  marked,  though  temporary,  reduction  in 
ozone  near  the  polar  stratopause.  initiated  by  downward 
transport  of  catalytically  active  nitric  oxide  from  the  mes¬ 
osphere  [Crutzen  et  al..  1975;  Heath  et  al.,  1977;  Peters  et 
al.,  1981;  Solomon  et  al..  I983|.  It  is,  of  course,  the  effects 
of  long  term  anthropogenic  deposition  of  catalytic  reactants 
that  remains  a  major  concern.  Photolysis  of  chlorofluoro- 
carbons  (for  example,  CCL;F;,  CCI;F),  used  primarily  as 
refrigerants  and  aerosol  spray  carriers,  provides  an  increas¬ 
ing  stratospheric  source  of  CIO  [Stolarski  and  Cicerone, 
1974;  Rowland  and  Molina,  1975).  Since  no  other  effective 
removal  mechanism  has  been  established  for  these  com¬ 
pounds  [N.AS,  1979).  their  release  at  the  surface  is  followed 
by  slow  but  eventual  (~!0  years)  diffusion  and  transport 
into  the  stratosphere.  Ultraviolet  solar  energy  then  frees  the 
CIO.  initiating  the  ptXential  reaction  schemes  with  ozone 
and  other  constituents.  Additional  anthropogenic  modifi¬ 
cation  to  the  ozone  balance,  both  in  the  troposphere  and 
stratosphere,  can  be  expected  from  the  release  of  nitrogen 
and  carbon  compounds  related  to  engine  exhausts,  fertil¬ 
izers.  biomass  burning,  and  atmospheric  nuclear  testing 
[WMO,  1981;  Angell  and  Korshover,  1983)  The  extent 
and  magnitude  of  ozone  modulation  directly  attributed  to 
man  has  not  yet  been  firmly  established  theoretically  nor 
experimentally.  See  Sections  21.1.4  i,iid  2  i .  1 .7  for  further 
discussion. 

21.1.2  Transport 

In  the  upper  stratosphere  the  photochemical  reaction 
rates  are  sufficiently  fast  that  ozone  equilibrium  will  usually 
be  approached  within  hours.  However,  lower  in  the  atmo¬ 
sphere  dynamic  priKCsses  begin  to  compete  and  eventually 
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dominate  (Hartmann .  I978|.  A  simplified  explanation  for 
the  loss  of  photochemical  control  of  O,  lower  in  the  strat¬ 
osphere  is  the  disappearance  of  the  ultraviolet  sunlight  nec¬ 
essary  for  dissociation  of  both  Oj  and  0.».  The  ozone  and 
molecular  oxygen  above  30  km  remove  almost  90%  of  the 
selective  energy;  reducing  beth  the  instantaneous  source 
(Oj  -t-  hv)  "nd  |he  sink  (O.t  +  hv)  of  odd  oxygen.  Pho¬ 
tochemical  reactions  affecting  ozone,  including  diurnal 
modulations,  do  occur  in  the  troposphere;  however,  the 
source  molecules  are  primarily  those  capable  of  responding 
to  visible  and  near-ultraviolet  light. 

The  relatively  complete  conversion  to  dynamic  control, 
with  ozone  acting  as  a  conserved  t.acer  for  the  atmospheric 
motions,  occurs  by  approximately  25  km  (Cunnold  et  al., 
1980).  The  altitude  and  thickness  of  the  transition  zone 
between  the  photochemical  and  dynamic  regimes  varies  with 
latitude  and  season,  depending  largely  on  the  solar  geometry 
and  the  strength  and  frequency  of  planetary  wave  distur¬ 
bances.  The  transition  zone  is  important  because  much  of 


the  poleward  transport  of  ozone  is  thought  to  occur  in  this 
region  (Garcia  and  Hartmann,  1980). 

Eventually,  ozone  formed  photochemically  in  the  upper 
stratosphere  reaches  the  tropopause  and  passes  into  the  trop¬ 
osphere.  The  major  exchange  mechanism  occurs  in  the  vi¬ 
cinity  of  the  midlatitude  jet  stream  (Danielsen  et  al,  1970; 
Danielsen  and  Hipskind,  !980|,  although  its  efficiency  is 
not  well  establisheo.  So  little  immediate  blending  occurs 
that  measurements  of  ozone  within  a  complex  tropopause 
fold  (Figures  21 -2a  and  21 -2b)  cap  determine  whether  air 
samples  arc  of  stratospheric  or  tropospheric  origins  (Shapiro 
ct  al.,  1980;  Roc,  1981 ).  Once  in  the  troposphere,  the  life¬ 
time  for  ozone  is  only  a  few  days,  since  it  is  rapidly  de¬ 
stroyed  upon  contact  with  the  earth’s  surface.  The  removal 
is  most  efficient  on  vegetation,  taking  tens  of  minutes,  but 
significant  destraction  also  occurs  over  oceans,  lakes,  and 
even  snow  (Calbally,  1980). 

In  addition  to  its  buffer  role  between  the  major  strato¬ 
spheric  ozone  sources  and  the  ultimate  surface  destruction. 


Figure  21-2a.  Vertical  cross  section  of  oione  concentration  (parts  per  hundred  million)  from  wcslem  Missouri  to  western  Louisiana.  Analysis  based  on 
aircraft  observations  from  20(X)  GMT.  16  March  1978  to  0100  GMT.  17  March  1978  illustrates  sloping  "tongue"  of  or.one-ric’h  air  between 
5  and  10  km  (after  Shapiro  et  al.,  1980). 


the  troposphere  is  also  an  in  situ  chemicaiiy  active  envi¬ 
ronment.  High  temperature  combustion  in  power  plants, 
automobiles,  and  forest  fires  releases  oxides  of  nitrogen, 
carbon,  and  other  gases  that  near-ultraviolet  sunlight  can 
dissociate  (Crutzen  et  al.,  I97S].  If  gaseous  organic  com¬ 
pounds  (such  as  petroleum  fumes)  are  al.^o  present,  the 
ozone  equilibrium  levels  are  significantly  enhanced.  These 
locally-increased  concentrations  contribute  to  the  photo¬ 
chemical  smogs  found  downwind  of  major  cities.  In  addi¬ 
tion,  non-urban  tropospheric  chemistry  can  provide  a  glob¬ 
ally-varying,  non-anthropogenic  in  situ  ozone  source  (Fishman 
el  al. ,  1979;  Liu  et  al. ,  1980|.  The  magnitude  of  this  natural 
O]  production  is  modified  by  the  availability  of  such  minor 
constituents  as  methane  (from  anaerobic  metabolism  (Ehhalt 
and  Schmidt,  I978|),  CO  (from  natural  combustion  sources 
(Persson,  1974),  vegetation  [Zimmerman  et  al.,  1978),  and 
NO  (from  lightning  discharges  (Noxon,  I976|).  Direct  O., 
photolysis  is  also  enhanced  by  cloud  and  molecular  scat¬ 
tering  [Thompson,  1984|.  Logan  et  al.,  [1981]  have  esti- 
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mated  some  of  the  global  pollutant  budgets  as  almost  evenly 
divided  between  anthropogenic  and  natural  contributions. 
The  balance  varies  with  hemisphere,  season,  local  weither, 
and  chemical  environments. 

Because  much  research  effort  is  being  expended  in  un¬ 
derstanding  the  tropospheric/stratospheric  ozone  cycle  and 
its  relation  to  man.  comprehensive  reviews  of  its  chemistry 
and  dynamics  are  published  frequently.  See,  for  instance. 
Bra.s.scur  [1982);  Brasseur  anJ  Solomon  [1984);  The  StrM- 
osphere.  I9HI  [WMO.  I98l|;  Logan  et  al  ,  [19811;  The 
NASA  Assessment  Report  [1984);  Whitten  [I985|;  Bojkov 
[19841. 


21.1.3  Ozone  Measurement 

The  complex  control  mechanisms — dynamic,  radiative, 
and  photochemical — that  govern  the  global  distribution  of 
ozone  prohibit  a  simple  prediction  of  any  local  ozone  en- 


I ' 


''.  \ \  \  \  V  V  \  /  »  _ _ e  /  / 


37”  UMN 


35’  LIT 


33°  GGG 


31’  LCH 


Figure  2I-2b.  Vertical  cross  seeiirtn  of  pruential  Icmperalurc  (thin  solid  lines!,  wind  speed  (dashed  lines),  and  Iropopatise  (heavy  line)  corresponding  to 
previous  figure.  Potential  temperature  and  static  stability  of  air  in  the  ozone  longue  is  character  tic  of  lower  stratosphere  air  normally  found 
.  north  of  the  jet  stream  latter  Shapiro  et  al..  I980|. 
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vironment  (see  Section  21 .  i  .7  on  modeling  efforts).  A  large 
complement  of  measurement  techniques  has  been  developed 
for  both  integrated  column  and  vertical  profile  definition. 
The  distinction  is  important  because  the  total  ozone  over¬ 
burden  serves  as  the  absorbing  buffer  for  the  solar  radiation, 
while  the  vcriic-l  distribution  governs  energy  dcp<rsition. 
Instrumentation  based  on  the  molecular,  optical,  and/or 
chemical  properties  of  ozone  has  been  adapted  ti>  ground 
and  space  platforms,  including  aircraft,  balloons,  rockets, 
and  satellites. 

In  particular,  the  optical  properties  of  ozone,  both  in  the 
ultraviolet  and  infrared,  provide  rich  instrumental  applica¬ 
tions.  Spectral  measurements  of  the  differential  absorption 
in  the  UV  Hartley  (0.2  toO,.^  )im)  and  Huggins  (()..1  toO  .^S 
)im)  bands  are  employed  routinely.  Beginning  in  the  I93(K. 
ground  station  networks  I  Dobson.  l9.W;Dutsch.  I97.1|have 
been  inferring  atmrtspheric  total  ozone  from  observed  vari¬ 
ations  in  the  measured  strlar  irradiance  within  these  wave¬ 
length'  intervals  ("Unkehr/Dobson"  and  “MH.V’  measure¬ 
ments).  Observations  of  the  zenith  angle  modulation  of  that 
same  irradiance  provide  broad  resolution  (5- 10  km)  vertical 
■structure  information  IMatcer.  I%5|. 

Satellite  instrumentation  has  created  the  opportunity  f«>r 
global  coverage,  a  particular  advantage  when  examining  a 
constituent  as  variable  as  0<  (Krueger  et  al..  I%()|.  Both 
total  column  and/or  vertical  distributions  have  been  inferred 
from  UV  Hartley  and  Huggins  band  measurements  (An¬ 
derson  et  al..  I9<S9;  Heath  et  al..  197.^;  Rusch  et  al..  198.^i. 
These  same  absorption  techniques,  when  used  on  balUxms 
and  rtKkcts  (Krueger.  197.1;  Mentall  et  al..  1980;  Lean. 
1982  j  provide  an  invaluable  calibration  test  for  the  sounding 
networks.  (For  information  on  general  mathematical  for¬ 
mulations  and  algorithms  for  inversion  of  remotely-sensed 
atmospheric  data,  see  for  example  Twomey  ( 1977(.  IX'cpak 
(19771.  Rodgers  ( I976(.  or  Gordtey  and  RiisscM  ( 1981  [)• 

Another  satellite-based  ultraviolet  system  infers  o/.onc 
distributions  b>  observing  the  tKcultation  of  a  light  itource 
(solar  or  stellar)  crossing  the  earth’s  horizon  (Hays  and 
Roble.  197.1;  Aiken  et  al..  1982;  Millicret  al..  1981  (.  For 
this  mcthixl  the  vertical  resolution  is  4  to  6  km.  Ultraviolet 
lasers  have  also  been  used  to  remotely  probe  the  i>z,onc  layer 
from  the  ground  (with  ptitential  satellite  applications  (Rems- 
berg  anil  GorJley.  I978|);  the  synchronous,  atmospherically 
rctlccted  laser  signal  (Felon  and  Megie.  1982|  provides  both 
altitude  (that  is.  distance  from  the  source)  and  density  in¬ 
formation.  An  in  siiii  application  of  ozone's  ultraviolet  ab¬ 
sorption  properties,  used  primarily  on  large  ballixms  and 
riK'kels.  includes  both  source  and  detectvir  separated  by  a 
chamber  tilled  with  a  liK-al  air  sample  (Ainsworth  and  Ha- 
gemeyer.  1980;  Profitt  and  McLaughlin.  1981;  National 
Academy  Report.  1982;  Robbins  I98()j.  Pumping efticiency 
then  governs  the  vertical  resolution  (<  20  ni.  see  Figua* 

ll-li"). 

Infrared  systems  to  measure  atmospheric  ozone  employ 
the  thermal  emission  of  the  triatomic  molecule,  usually  in 


the  strong  vibration-rotation  band  near  9.6  jim.  Infrared 
riK'ket  and  satellite  instruments  have  determined  both  total 
ozone  (Prabhakara  et  al,.  1970;  Lovill  et  al..  1978;  Crosby 
et  al..  I98()[  and  vertical  prirfiles  (Gille  et  al..  I98()b;  Rems- 
berg  et  al..  1984;  Stair  et  al..  I984(  using  nadir  (vertical) 
or  limb  viewing,  respectively.  The  thermal  dependence  of 
the  emissKtn  requires  simultaneous  temperature  sounding; 
however,  it  is  independent  of  solar  insolation,  providing  full 
diurnal  coverage.  Vertical  resolution  is  approximately  5  km 
throughout  the  stratosphere  and  lower  mesosphere  (12-6.1 
km). 

The  longer  wavelength  (infrared,  millimeter,  and  mi¬ 
crowave)  emission/absorption  properties  of  the  ozone  mol¬ 
ecule  (see  Harries  ( l9S()i  for  a  general  discussion)  are  also 
atmospherically  useful.  The  shape  and  equivalent  width  of 
the  spectrally-isolated  lines  provide  independent  measures 
of  both  density  and  pressure.  In  particular,  tiie  emission 
spectrum  in  the  wavelength  interval  .S()-.100  Ghz  ( 1-6  mm), 
as  measured  from  the  ground  (Parrish.  1981  (  has  been  pro¬ 
posed  for  inclusion  in  the  standard  global  sounding  network. 
Similarly,  molecular  line  parameters  hgve  been  measured 
in  absorption  against  'he  solar  background  spectrum  (Famicr 
et  al..  1980;  l.ouisnard  et  al..  1981;  Weinrabet  al..  1984i. 

Ruomscence  radiation  at  1.27  p.m.  emanating  from  ozone 
photolysis  (Oi  +  hv  — *  +  O).  has  been  measured  oh 

a  limited  number  of  high-altitude  nvkct  experiments  (Wevks 
el  al..  I978|.  More  recently  this  experiment,  as  part  of  an 
instrument  complement  on  a  spinning  satellite,  has  mea¬ 
sured  global  ()>  mixing  ratio  proliles  up  to  90  km  (Thomas 
el  al,.  I981(. 

Small  in  situ  chemical  detectors  (which  record  iodide 
or  chemiluminescent  reactions  to  the  presence  of  ozone)  are 
frequently  used  as  portable  ground  and  aircraft  sensors  or 
as  expendable  ballixm  and  riKket-bome  ozonesondes  (Rc- 
gener.  1960;  Komhyr.  1971;  Hilsenrath.  I980[.  Their  cal¬ 
ibration  is  demandirig.  often  requiring  normalization  of  the 
profile  to  some  other  measurement;  however,  fine  scale  ver¬ 
tical  structure  (<.10  m)  measurements  can  be  achieved  at 
low  cost.  Mass  spectrometers,  because  of  their  size  and 
complexity,  arc  not  used  routinely  as  sondes;  they  can  be 
mounted  on  either  aircraft  or  ballixrns  and  provide  detailed 
in  situ  observations,  including  altitude  profiles  of  isotopic 
abundances  (Mauersberger.' 1981  (. 

A  summary  of  the  instrument  systems  currently  being 
used  for  climatological  analyses  of  ozone  in  the  stratosphere 
and  troposphere  is  presented  in  Table  21-2.  The  values  for 
relative  accuracy  are  based  on  instrument  intercomparisons 
as  well  as  observational  consistency.  They  do  not  include 
the  systematic  differences  (69(-8'7< )  found  between  the  total 
column  ozone  measured  by  Dobson  ground-based  instru¬ 
ments.  which  are  considered  the  standard,  and  the  ozone 
measured  both  by  the  back-scattered  UV  and  infrared  sat¬ 
ellite  instruments.  The  accuracies  stated  for  the  electro¬ 
chemical  and  chemiluminescent  sondes  have  been  enhanced 
by  an  independent  measurement  of  total  ozone  as  part  of 
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Table  21-2.  Majitr  data  sourco  for  almospheriw  o7(hk*  below  5(1  km. 


Vertical 

Horizimtal 

Relative 

Type  of  Observation 

Period 

Obs./Mo. 

RcM>lutH>n 

Resoiutttm 

Accuracy 

Coninvnis 

1. 

World  Oronc  Network  <al 

Dobson  Spcctroph  xometer 

I‘»30-(M  f 

7(*» 

O-.'iOkm 

(T<8al  Orure) 

Point 

Cn»ss-caiibraltiHi  of 

instrunwnts  difficult 

MX3  lnMnimcnt>  llillerl 

IWiO-X4  + 

2.S0 

0-00  km 

(Tirtal  O/iifK'l 

Point 

i8'< 

Problems  with  filter 
slabtlilv 

DubMHi  Spci'lniptHKomeler-L'mlrchr 

IV35-K4  + 

M) 

O-M)  km 

6  km 

Point 

ib'il 

Requites  clear  sunrise  or 

sunset 

Electro-chemical  O/oncsondcs 

lWi.S-K4-r 

30 

0-30  km 

0.3 

lAiint 

f.3'» 

Pump  efiiciency  pniblcms 
above  25  km 

2 

AFGL  North  America  Netwtrrk  (hi. 
Chemiluminescent  OruncvKidc 

l%2-64 

40 

0-30  km 

0  km 

Point 

SK** 

Pr»)blems  with 
elKmiluminescent  materials 

3. 

NASA-0G04  <BUV)  (o 

l%7-<» 

1000 

30-50  km 

7  km 

i  10'? 

Mtmthiy  nK*ans 

Idaytinw  only ) 

,  4. 

NASA  Nimbus  4  Salcliic  System  (c) 
BKk-Scaillercd  Ultraviolet  iBUVl 

l<J7()-77 

18  000 

O-bO  km 

(Ti8al  Onmel 

2(KI  km 

±3'3 

F.xcelleni  global  ctiverage 
(daylinK  <»nly} 

Back-Scattered  Ultraviolet  iBUV) 

l‘»7()-77 

IMX) 

22-ftOkm 

'  7  km 

lb** 

Excelleni  global  coverage 
(daytime  only) 

IR  InleifenHneter  Spectnimeter  ilRIBl 

1971-72 

40  000 

O-bO  km 

iTiXal  Ozone) 

100  km 

e  .O'* 

F.xcelleni  gliX>al  coverage 
(day  and  nighi) 

5, 

USAF  DMSO  Satellites.  F1-F4  idl 
Infra-Red  Spectrometer 

1977-80 

3  000  000 

O-bO  km 

(Total  Orone) 

IIK)  km 

tVi 

Cntss-pafh  scanning, 
excellent  coverage, 
day  and  night 

6. 

NASA  Nimbus  7  Satellite  System  (c) 
Solar  Back-Setered  UV  (SBUVl 

1978-84  i- 

32  000 

O-bO  km 

(Total  Ozone) 

2(KI  km 

Execlient  global  coverage 
tdaytime  only) 

Solar  Back  Scattered  UV  (SBUV) 

1978-84 -I- 

32  000 

22  bO  km 

7  km 

2(KI  km 

ib'» 

Excellent  ghtbal  coverage 
(davtime  cmiIv  ) 

Limb  IR  Monitor  of  Stratmpbere 

1978-79 

32  000 

12-bO  km 

4  km 

2(KI  km 

?7'* 

Excellent  day  night 

iLIMSl 

coverage,  requires 
cry«>genies 

Total  Orone  Mapping  Spectnimeter 

1978-84 -I- 

1  200  OIK) 

O-bO  km 

(Tidal  Ozone) 

N)  km 

rkT 

Cn»ss-paih  H'anning. 

(TOMS) 

daily  glt>ba!  coverage 

7, 

Solar  MeMrsphcric  ExplorertSMFjtcl 
Back  Scattered  Cliravtolct  (BL'V» 

1982-84  + 

30  (KK) 

.30-b()  km 

7  km 

2(K)  k.n 

r.5'* 

Gli>bal  covering. 

Near' Infrared 

1982-84  + 

3t)  (KK) 

km 

7  km 

,  2(X)kin 

It  V  i 

limb  scanning 
tdaytime  imlv) 

Global  covering, 
limb  scanning 
tdayimKMtnly) 

Data  SouKO 

(a)  Archived  at  World  O/onc  Data  Centre.  Atmosphere  Envmmmcnt  Service.  490.^  Dulterin  St  .  Dimnwiew.  Ontario,  ('anadu  M.'(H.‘'T4a  (Data  puhlished 
bimonthly  in  0:<mv  Data  For  The  World) 

lb)  Archived  at  NOAA  Knvinmmental  Data  and  Information  Center.  National  Climatic  Center.  I-ederal  Buildinp.  Asheville  N(*  2HHtl| 
to  Archived  at  National  Space  Science  Datju  Center.  Goddard  Space  Flight  Center.  Code  bl)l.  Greeribelt  MD  2t)77l 
td)  For  information.  Dr  J  l.ovell.  K)  Box  XOK,  Lawrence' Livermtm:  (laboratories.  Livermore  CA 
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the  calibration.  Further  details  on  ozoik  instrumentation 
may  be  found  in  The  Stratosphere  1981  |WMO.  1981 1  or 
more  recent  reviews. 


21.1.4  Total  Ozone:  Its  Global  Distribution 
and  Variability 

The  most  complete  ozone  data  set  is  that  for  total  ozone. 
Ground-based  measurements  have  been  made  for  over  40 
years  and  a  global  netM.ork  (albeit  coarse)  has  existed  for 


Figure  2l*3a.  Total  ozone  northern  hemisphere,  annual  mean  <m  atm 
cm). Dashed  lines  indicate  normalized  standard  deviation. 


Figure  2 1 -.lb.  Total  ozone  sttulhcm  hemi>phere.  annual  mean  (m  atm 
cm).  Dashed  lines  indicate  normalized  standard  deviation. 


25  yean  (London  ct  al..  1976).  With  the  introduction  of 
satellite  sensors  (see  Table  21-2).  the  frequency,  spatial 
coverage,  and  relative  accuracy  of  such  soundings  have  all 
been  improved  (Hilsenrath  and  Schlesinger,  I979|.  Com¬ 
bined  ground  and  satellite  determinations  allow  the  for¬ 
mulation  of  climatologies  that  describe  the  distribution  and 
variability  of  total  ozone  on  scales  ranging  from  hours  to 
years. 

Hemispheric  contour  plots  of  the  annually  averaged  coL 
umn  amounts  of  ozone  and  their  normalized  standard  de¬ 
viations  arc  shown  in  Figures  2 1 -3a  and  2 1 -3b.  The  distri¬ 
butions  graphically  demonstrate  the  impact  of  global  dynamics 
on  ozone  in  the  troposphere  and  lower  stratosphere  (the 
contributions  from  these  lowest  altitudes  to  the  total  column 
is  approximately  70%).  Subsequently,  the  features  of  any 
total  ozone  distribution  correlate  well  with  those  of  similarly 
fok-mulated  maps  of  standard  meteorological  data  near  the 
trojwpause  (Miller  et  al..  1979).  For  example,  the  structure 
in  Figure  21-3  is  negatively  correlated  with  the  annual  mean 
height  of  the  tropopause  (IDobson.  I%3|.  The  hemispheric 
asymmetries  that  persist  in  these  annual  means  are  primarily 


month 


Figure  21  >4.  The  observed  z.onally  averaged  distribution  of  u»tal  ozone 
tm  atm  cm).  The  low  iaiiiudc  minima  and  the  hemispheric 
differences  immediately  reveal  the  importance  of  the  dy¬ 
namics  of  transport  prtKCSses. 
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a  consequence  of  gcogrophically-stable.  planetaiy-KaJe  winter 
weather  patterns  (Hartmann.  1977].  See  Holton  (1980]  fo» 
a  nwre  complete  description  of  the  controling  dynamic  pro¬ 
cesses. 

The  local  variability  in  total  ozone  can  be  ''cry  large 
and.  again,  highly  correlated  with  the  instantaneous  (syn¬ 
optic)  global  weather  system.  Similarities  between  the  fea¬ 
tures  of  the  daily,  satellite-derived  total  ozone  measurements 
and  the  standard  synoptic  height  maps  of  the  200  mb  pres¬ 
sure  surfaces  have  been  observed  (Shapiro  et  al..  1982).  If 
instantaneous  0\  column  amounts  can  be  rigorously  related 
to  the  global  tracking  of  planetary  waves,  the  pertinent  sat¬ 
ellite  data  could  be  added  to  the  meteorological  inputs  for 
weather  prediction. 

Total  ozone  climatology  exhibits  natural  variations  in . 
both  amplitude  and  period,  ranging  from  daily  to  interan¬ 
nual.  and  perhaps  even  solar  cycle  (Wilcox  ct  al..  1977; 
London  and  Reber.  1979).  The  dominant  influence  on  the 
variability  is  seasonal,  as  depicted  in  Figure  2t-4.  A  har¬ 
monic  analysis  of  ground  (or  satellite)  data  bases  provides 
insight  into  the  latitudinal  dependence  (Figure  21-5).  At 
middle  and  high  latitudes  the  annual  period  dominates,  with 
additional  power  in  the  apericxlic  component.  Near  the  equa¬ 
tor  the  total  variability  is  small,  allowing  the  statistical  iden¬ 
tification  of  semi-annual,  annual,  and  quasi-biennial  (26 
month)  waves  (Angel!  and  Korshover.  19831.  Anthropo¬ 
genic  modification  of  total  ozone  has  yet  to  be  established 
(Reinsel.  1981;  Bloomfield  et  al..  I983j;  its  magnitude,  as 
predicted  by  theoretical  calculations,  would  be,  very  small, 
(a  decrease  of  <0. l'}(/year.  Logan  et  al..  1978;  Penner. 


1982;  Wuebbles  et  al..  1983;  NA.SA  Academy  Report.  1984). 
but  over  long  time  scales  could  be  dramatic.  Given  ozone's 
large  variability  plus  current  instrumental  limitation.^  (both 
precision  and  intercalibration;  see  Table  21-2)  man's  influ¬ 
ence  is  not  yet  detectable. 


21.1.5  Vertical  Profiles 

The  modified  “Chapman"  photochemical  mechanism  is 
sufficient  to  describe  the  basic  vertical  distribution  of  ozone; 
its  dominant  feature,  as  discussed  previously,  is  the  pro¬ 
nounced  ozone  layer,  a  region  in  the  stratosphere  of  max¬ 
imum  concentrations  (actually  resulting  from  complex  pho¬ 
tochemical  production  and  subsequent  transport).  However, 
measurable  amounts  of  O,  also  occur  throughout  the  trop¬ 
osphere  and  into  the  mesosphere.  The  climatological  vari¬ 
ability  within  this  framework  is  similar  to  that  for  the  total 
column,  with  additional  complications  from  the  altitude- 
dependent  chemistry  and  dynamics. 

An  annual,  globally-averaged  vertical  distribution  (as  in 
Figure  21-1 )  has  a  broad  peak  in  mixing  ratio  Ippmm)  near 
35  km  (note  that  the  choice  of  units  governs  the  definition 
of  the  maximum).  The  normalized  standard  deviation  of  the 
composite  profile  suggests  that  the  variability  is  greatest  near 
12  km  and  45  km  (related  respectively  to  dynamics  at  the 
tmpopause  and  chemical  responses  to  thermal  and/or  solar 
disturbu.ices  below  the  s'tratopause).  The  annual  variances 
in  Figure  2 1  - 1  are  minimized  by  the  geographical  dominance 
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Figure  31-5.  Meridional  pr<»tilc  total  ozone  and  the  components  of  temporal  variability. 
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of  large  areas  of  relatively  stable  ozone  profiles  in  the  sum¬ 
mer  and  low  latitude:  winter  and  equiniKtial  profiles  actually 
exhibit  much  greater  natural  excursions  over  bxUh  K>ng  Isca- 
siinal)  and  short  (hours  to  days)  time  scales. 

As  with  total  ozone,  the  first  order  variations  about  a 
basic  vertical  distribution  can  he  ascribed  to  seasonal  effects 
[Dutsch.  1978;  Klenk  et  al.,  I983|.  Systematic  satellite 
measurements  provide  the  opportunity  to  examine  these  an- 
iii'  il  progressions  as  a  function  of  latitude,  particularly  at 
ano  above  10  mb  (approximately  30  km).  For  instance, 
sample  one-month  zonal  mean  distributions  for  1979  (Fig¬ 
ures  21-fia.  b,  c.  d).  based  on  satellite-derived,  backscat- 
tercd  ultraviolet  data  (McPeters  et  al.,  I984|.  encompass 


the  seasonal  features  of  the  middle  and  upper  stratosphere. 
Towards  the  winter  prrie  the  mixing  ratio  contours'  maximize 
at  increasingly  higher  altitudes  (often  above  40-45  km,  that 
is.  2-3  mb),  in  response  to  weaker  photxxlissociation  and 
stronger  transport.  The  summer  hemisphere,  however,  ex¬ 
hibits  a  stably  liKated  maximum.  This  imbalance  reverses 
hemispheres  with  the  seasons  and  is  symmetric  at  the  equi¬ 
noxes.  A  statistical  analysis  of  a  similar  data  set  for  the 
years  1970-71.  in  combination  with  ballixrn  measurements 
I  Klenk  et  al..  I983|,  suggests  that  the  zonal  mean  variance 
can  be  typically  reduced  to  a  four-parameter  function  (in¬ 
cluding  latitude  and  day  of  the  year)  for  selected  pressure 
levels.  The  1971  seasonally-dependent  profiles  fo-  high. 


JANUARY 


JULY 


Figure  21-6  I.u!i»ude-heighi  vros>  seciions  ot  the  o/one  mixing  ratio  fppniv)  i 
profile  measurementv  \^lihin  10'  latitude  zones  were  averaged  eael 
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•r  the  months  «»!  la)  January,  ihi  April.  U)  July,  and  id)  (Klofxr  Ml 
month  IMePeterset  al  .  1^X41. 
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middle,  and  low  latitude  intervals  appear  in  Figures  21-7, 
21-8.  and  21-*}. 

A  nK'ridional  cross  section  of  annually-averaged  ozone 
partial  pressure  was  computed  from  approximately  1.5  years 
of  ozonesonde  ascents  and  Uhmkehr  ohsersatiims  IDiitsch. 
19781  and  is  presented  in  Figure  21-10.  The  pattern  of  partial 
pressure  (solid  lines)  closely  parallels  the  l<Kation  of  the 
tntpopuusc.  and  the  percent  variahility  about  the  mean  (dashc'd 
lines)  is  greatest  where  the  slope  of  the  tropopause  is  great¬ 
est — the  region  of  midlatitude  storm  activity.  The  amplitude 
of  the  annual  cycle  (expressed  us  percent)  is  presented  in 
Figure  21-11.  together  with  the  month  of  maximum  value. 
In  general,  largest  seasonal  changes  are  near  the 'tn>popause 
with  a  peak  in  the  spring  season,  l^rge  seasonal  changes 
are  also  found  above  4.5  km  at  polar  latitudes  due  to  the 
effects  of  the  annual  temperature  cycle  on  ozone  photo¬ 
chemistry. 

In  addition  to  the  seasonally-controlled  annual  cycle, 
other  natural  periods  can  also  be  extracted  from  the  cli¬ 
matological  prtililes.  fhc  quasihiennial  oscillation  appears 
at  low  latitudes  (minxiring  the  total  ozone  behavior)  and  is 
most  apparent  near  the  mixing  ratio  maximum  (Angell  and 
Korshover.  1 98.4 1.  At  40  to  45  km  there  is  a  weak  indication 
of  a  solar  rotation  response  jGille  et  al..  I984|  which  is 
again  statistically  separable  only  at  low  latitudes  where  the 
protiles  exhibit  the  most  stability.  A  semiannual  trscillation 
in  ozone  mixing  ratio  has  been  identified  over  a  bnrad  range 
of  pressures  ( I -.40  mb)  and  latitudes  |Maeda.  I984|. 

The  day-to-day  longitudinal  distribution  is'not  well  rep¬ 
resented  by  the  zonal  means.  In  general,  the  hemispheric 
weather  patterns  that  induence  total  ozone  can  be  identified 
in  the  vertical  profiles;  the  details,  however,  depend  on  the 
atmospheric  level  being  sounded.  In  the  troposphere.  Oi  is 
usually  a  reliable  tracer  for  weather  conditions,  but  it  is  also 
subject  to  in  siin  chemical  reactions  (Fishman.  |9X.5|.  Near 
the  tropopause  and  in  the  lower  stratosphere,  planetary  scale 
wave  patterns  are  accurately  replicated  in  the  ozone  field 


ATMOSPHERIC  COMPOSITION 


OXPNC  MIIM«  RATIO 


Figure  21-K.  As  in  Figure  21-7  but  ftir  high  liiiituiie  regiim  h.V  Hlf 

(Gille  et  al..  I98()b;  Remsberg  et  al.,  19841.  In  the  upper 
stratosphere  the  ozone  concentrations  begin  to  be  mrxlulated 
directly  by  the  temperature  sensitivity  of  the  contnlling 
chemistry  (Barnett  et  al..  19751. 

Preliminary  climatological  averages  of  ozone  mixing 
ratios  on  constant  pressure  surfaces  have  been  compiled  for 
a  range  of  time  periixls.  from  daily  to  seasional,  annual  and 
interannual  ( in  the  stratosphere,  see  Remsberg  et  al  .  1 1984|, 
Barth  et  al..  1I984|.  Nagatani  and  Miller  1I984|.  in  the 
troposphere,  see  Bojkov  |19X4|).  The  complex  structure  of 
these  climatologies  is  an  integral  response  to  the  total  at¬ 
mospheric  environment,  including  the  instantaneous  and 
gradient  behavior  (temporal  and  geographic)  of  temperature. 
transp»)rt  parameters,  and  other  minor  constituent  concen¬ 
trations,  Satellite  platfonns  and  field  programs  are  currently 
being  designed  to  address  these  complexities  with  comple¬ 
mentary  instrumentation  (for  instance,  the  Upper  Atmo¬ 
sphere  Research  Satellite  mission  nhcduled  fvir  the  late 
(98()s  (NASA  Research  Summiries.  I984|;. 


Figure  21-7  O/iifU’  niixing  f;»li»»  vcrsu^  ulnHisphcnc  presNure  for  the 
IjtiiutJk'  region  -  25  (KIcnk  e'  al  . 


Figure  21-V.  Av  in  Figure  21-7  hut  for  the  miiUlle  latitude  region  2^  4.S 
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OZONE  CONCENTRATION,  (O3)  (10’^  molecules/cm^) 

Figun;2l-I2.  Venical  ozone  ascent  on  lOAug  I  <)S2  over  Gimli.  Manitoba 
(3200  m)  based  on  sampling  at  S  m  (I  s)  intervals,  illus¬ 
trating  thin  layers  of  relatively  high  ozone  concentration 
IPnilitt  and  McLaughlin.  I9K.3|. 

mote  platforms  (see  Section  21. 1.?  on  measurement  tech¬ 
niques).  Measurements  of  both  total  ozone  (ground-based) 
and  JtKal  concentrations  (in  situ  aircraft  sampling  at  1 1  km) 
have  been  used  to  estimate  their  respective  degree  of  au¬ 
tocorrelation  with  east-west  distance  (Figure  21- 1 -T).  The 
1  i  km  autocorrelation  decays  more  rapidly,  indicating  a 
greater  sensitivity  to  small  scale  motions;  total  ozone  is 


300  eOC  90C  i?0(>  tOf- 

O'S^ANCP  -  »<»> 


Figure  12*13  Variaiitm  of  auKKoirelalion  of  lotal  ozone  whh  di-starce 
(K'W)  in  mid  taliiudcs 
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TIMC-OMS 

Figure  21-14.  Decay  of  autocorrelation  of  total  ozone  with  time. 

associated  with  thicker  atmospheric  layers  controlled  by 
large  scale  dynamics.  The  time,  variation  of  the  autocorre¬ 
lation  for  total  ozone  (Figure  21-14)  shows  significant  con¬ 
tributions  from  both  long  (seasonal)  and  short  periods  {Wil¬ 
cox.  1978). 

21.1.7  Mathematical  Models 

Mathematical  descriptions  of  the  atmospheric  ozone  layer 
date  back  to  the  original  scheme  of  Chapman  ( 1930).  How¬ 
ever.  as  the  natural  variability  in  both  total  column  abun¬ 
dance  and  vertical  distributin  were  recognized,  the  need 
for  more  extensive  modeling  efforts  becomes  apparent.  This 
requires  balancing  complex  chemical  schemes  with  an  un¬ 
derstanding  of  the  feedbacks  between  ozone  and  the  radia¬ 
tive-dynamic  environments.  The  currci.t  formulations  en¬ 
compassing  one.  two.  and  three  dimensional  models,  do 
not  focus  strictly  on  the  ozone  layer,  but  rather  attempt  to 
parametrize  broader  aspects  of  the  surrounding  atmosphere. 
[See  the  NASA  Assessment  Report,  1984  for  a  more  com¬ 
plete  discussion.) 

The  simplest  conceptual  models  (other  than  simulations 
of  local  volume  or  laboratory  environments)  are  one  di¬ 
mensional,  with  altitude  or  pressure  as  the  vertical  coor¬ 
dinate  jSze  et  al..  1980],  Because  of  the  large  number  of 
individual  chemical  reactions  necessary  for  atmospheric  de¬ 
scription  jNASA/JPL,  1982],  models  typically  divide  the 
minor  constituents  into  “families"  [Wofsy  and  McElroy, 
1974).  Forcxample,  molecular  concentrations  of  NO  or  NOt 
are  not  calculated  separately  within  the  original  mathemat¬ 
ical  formulation.  Instead,  a  solution  for  the  whole  group  of 
nitrogen-oxygen  compiiunds  (known  as  NO,’s)  is  found  first; 
other  standard  families  include  the  O,  (oxygen-oxygen), 
HO.  (hydrogen-oxygen),  and  CIO.  (chlorine-oxygen)  com¬ 
pounds.  Temporal  mcxlulations  (with  scales  ranging  from 
minutes  to  years)  can  be  accomodated  in  l-D  nuxlels;  broad'^r 
applications  include  sophisticated  parametrization  of  clouds. 
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radiative  transfer,  vertical  transport,  and  exchange  mecha¬ 
nisms. 

Two-dimensional  models  can  now  include  most  of  the 
photochemical  and  some  of  the  temporal  precision  of  the 
l-D  cases  |Gidel  et  al..  198.1|.  The  second  dimension  pa- 
rametri/es  the  latitudinal  gradients  that  exist  on  a  global 
scale.  The  zonal  mean  temperature  structure  is  incorporated 
either  as  input  or  internal  calculation.  There  are  various 
mathematical  approaches  adopted  in  2-D  mtxlels.  including 
boundary  conditions,  radiative  balance,  integration  time- 
steps.  solution  methods,  etc.  (sec  Table  2.14  in  The  Strat¬ 
osphere  I9HI  |WMO.  19S1|).  One  of  the  most  critical  as¬ 
sumptions.  however,  is  the  mcthtxl  of  approximating  the 
eddy  (non-zonal)  motions,  both  in  the  horizontal  and  vertical 
directions.  Pragmatic  solutions  have  centered  on  “diffusion” 
ciK'fficicnis  which  take  the  form  of  three  dimensional  tensors 
tK-thcory.  as  p.-op<>scd  hy  Reed  and  German  |I9051).  An 
alternative  mechanistic  description,  where  at  least  part  of 
eddy  modulation  is  considered  quasi-harmonic,  has  also 
been  formulated  IGarcia  and  Solomon,,  1982|. 

The  value  of  two  dimensional  rntxlels  lies  in  their  ability 
to  replicate  zonally-averaged  measurements.  They  success¬ 
fully  reprtxJuce  the  seasonal  excursions  of  both  the  mean 
"totar^  ozone  (Figure  21-3)  and  the  mixing  ratio  maximum 
(Figure  21-6).  Because  >hey  can  incorpora'e  time-dependent 
mechanisms  (such  as  proposed  solar  rotation  and  solar  cycle 
variability  or  minor  constituent  fluctuations  (Garcia  et  al.. 
19841).  they  have  been  used  in  conjunction  with  . one  di¬ 
mensional  mixlels  to  investigate  possible  trends  in  ozone 
concentration.  Prediction  capability,  however,  is  tied  to  the 
reliability  of  the  input  assumptions  (including  dynamic  par- . 
ametrization.  reaction  rates,  and  the  atmospheric  measure¬ 
ments  against  which  they  are  evaluated).  As  an  example  of 
“model-related"  sensitivities,  .he  one  dimensional  models 
models  formulated  in  1979  forecast  a  potential  1 69}-- 1 8% 
anthropogenically-caused  decrease  in  column  0>  by  the  year 
2020.  Mixiels  in  1 982-8.3  predict  a  possible  overall  decrease 
of  2'/f-4''/r  but  w  ith  a  strong  altitude  dependence  and  pos¬ 
sible  nonlinear  response  (Maugh.  1984;  NASA  Assessment 
Report.  I984|.  The  differences  are  related  to  updated  de- 
temiinations  of  critical  chemical  "constants",  including  the 
temperature  and  pressure  dependence  of  reaction  rates  and 
absorption  ciK’fticicnts.  Obviously,  a  definitive  answer  on 
the  future  of  the  ozone  layer  cannot  yet  be  established,  but 
!  and  2-1)  models  will  facilitate  the  mathematical  explo¬ 
ration  of  the  possibilities. 

Three  dimensional  models  attempt  to  realistically  sim¬ 
ulate  the  fluid-dynamic,  radiative,  and  phoPKhemical  char¬ 
acteristics  of  the  atmosphere.  The  tw'o  general  types  of  grid 
mixlcls  (with  variables  proportional  to  latitude,  longitude, 
and  height)  are  .similar  to  those  used  for  large-scale  mete- 
orologica!  forecastins:.  The  global  circulation  models  (CiCMs) 
employ  a  comprehensive  set  of  equations  governing  the 
radiation  field.  .)-D  motions  on  a  sphere,  and  at  least  part 
of  the  chemistry  (Fels  et  al..  198()|.  The  lower  boundary 


conditions  can  extend  down  to  the  solid-earth  orography 
(including  driving  regons  such  as  the  Tibetan  plateau r  or 
are  predicated  on  a  modulated  trepopause.  initiating  global 
stratospheric  motions  wth  troprispheric  forcing.  The  mech- 
ani.stic  models  (MMs)  parametrize  general  planetary  char¬ 
acteristics  (artificial  ocean-continent  boundaries,  for  in¬ 
stance).  acrificing  realistic  accuracy  for  increased  flexibility. 
They  have  been  used  to  simulate  strato.spheric  warmings 
and  their  perturbing  effect  upon  the  whole  global  ozone 
distribution  (Lordi  ct  al..  1980;  Hsu.  1981 1. 

The  horizontal  and  vertical  resolution  requirements  for 
adequate  three-dimensional  representation  of  the  physical 
processes  affecting  ozone  are  less  rigid  than  those  for  trop¬ 
ospheric  meteorological  predictions.  However,  the  grid  sizes 
still  serve  as  a'  limiting  factor  for  computation  speed  and 
flexibility.  Tliese  models  are  costly  for  trend  predictions, 
but  do  provide  the  forum  for  physical  understanding  of 
climatological  behavior  and  transport.  For  a  fuller  discus¬ 
sion.  see  The  Stratosphere  1981  |WMO,  1981)  or  more 
recent  reviews. 


21.2  MINOR  CONSTITUENTS  IN 
THE  STRATOSPHERE 

The  existence  of  the  stratosphere  was  discovered  at  the 
turn  of  the  century  by  unmanned  balloon  measurements 
which  found  the  temperature  increased  with  altitude.  The 
first  understanding  of  the  stratosphere  occurred  when  Dob¬ 
son  suggested  the  heating  was  the  result  of  UV  absorption 
by  ozone  in  the  late  1 920s.  Chapman’s  pioneeiiiig  photo¬ 
chemical  explanation  of  the  stratosphere  in  the  1930s  re¬ 
mained  the  definitive  description  into  the  1950s.  The  ex¬ 
plosive  research  and  recognition  of  the  complex  chemical 
nature  of  the  stratosphere  began  inauspiciously  in  the  late 
1960s  with  the  fear  that  supersonic  transports  (SSTs)  would 
cause  irreparable  damage  to  the  earth  s  environment.  It  is 
now  recognized  that  the  stratosphere  has  a  very  complex 
chemical  composition  generated  from  natural  and  man  made 
sources.  Furthenrore,  anthropogenic  sources  may  lead  to 
future  changes  of  the  stratosphere.  The  description  that  fol¬ 
lows  is  not  complete  and  mu.st  be  updated  and  corrected  as 
new  information  becomes  available.  A  series  of  reports  by 
government  agencies  and  committees  indicates  the  world 
wide  interest  in  environmental  protection  and  on-going  strat¬ 
ospheric  research  -  SCEP  11970).  ClAP  1 1974),  COMESA 
11975).  COVOS  (1976),  NAS  [1975.  1979).  DOE  [1979), 
UNEP  11979.  1980).  NASA  |I977.  1979),  FAA  11979), 
and  WMO  (1982).  These  reports  contain  excellent  sum¬ 
maries  of  minor  constituents  and  theoretical  and  model  ex¬ 
planations.  Each  succeeding  years  report  contains  new  or 
revised  information.'  Journal  reviews  of  the  stratosphere  (Ci¬ 
cerone,  1975;  Hudson.  1979;  Murgatroyd,  1982;  and  Sol¬ 
omon.  1983)  contain  succinct  descriptions  of  the  minor  con- 
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Ntituent<$.  Emphasis  lias  now  shifted  from  measutemcnts  to 
developing  a  better  understanding  of  the  mechanisms  and 
chemical  f.xKesses  identified  earlier. 

Neutral  minor  constituents  of  the  >tratosphea‘  can  be 
grouped  into  large  categories  of  radicals,  sources  of  radicals, 
sinks  of  radicals,  and  sources  for  the  formation  ol  aerosols. 
The  radicals  are  conveniently  divided  into  groups  of  odd 
oxygen— -CX  'P).  CX'D).  O,;  odd  hydrogen 

—OH.  HO,.  H;0:;  odd  niinigen  -NO.  NO;.  UNO,.  NA*'. 
HO;.  NO;;  and  odd  halogens-  CI.  CIO.  F.  Br.  BK).  HCI. 
HF.  CIONO;.  The  precursors  or  sources  of  the  radicals  arc 
constituents  such  as  N;0.  CHi.  H;0  SF„.  CO;.  H;.  CCI4. 
CH,CCI,.  CH,CI.  C;HCIu  CCI,F.  CC1;F;  and  othei  chlo- 
rofluoromethancs  (CFMs).  some  of  which  arc  introduced 
into  the  troposphere  at  mixing  ratios  greater  than  100  pptv; 
these  represent  the  major  source  of  chlorine  in  the  strato¬ 
sphere.  Stratospheric  NO.  derives  from  nitrous  dioxide  (N;0) 
transported  from  tlie  ground ,  Large  solar  proton  events  could 
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contribute  appreciable  amounts  of  NO  in  the  upp:r,  strato¬ 
sphere.  The  products  of  radical-radical  reactions,  which  arc 
generally  inert,  serve  as  sinks  for  the  radicals.  They  also, 
form  shortlived  storage  from  which  radicals  can  be  released 
bv  iihotolvsis  or  oxidation.  The  major ‘  .iks  are  HCI.  HNOi. 
HNO,.  CIONO;.  H;0;.  O,.  HO;.  NO;.  H(X:i.  N;0,.  COCI;. 
COFCI  and  HF.  The  minor  constituents  that  arc  believed 
important  as  sources  for  aerosol  growth  are  H;SOi.  S(i;. 
CO.SandNH,. 

The  following  description  of  the  minor  constituents 
(Sections  21.2.1  through  21.2.9)  has  been  excerpted  from 
the  World  Meteorological  Organization  publication  “The 
Stratosphere  I9SI  Theory  and  Measurements"  with  the  per¬ 
mission  of  NASA.  Even  though  this  information  can  be 
found  in  a  moic  detailed  form  in  the  original  publication, 
it  has  been  included  in  this  chapter  to  provide  the  reader 
with  il.e  basic  facts  of  stratospheric  composition  and  a  more 
complete  picture  of  “Atmospheric  Composition"  as  a  w  hole. 
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21.2.1  Nitrous  Oxide,  FC-11,  FC*12,  and 

Methyl  Chloride  (N2O,  CCI3F,  CCI2F2 
and  CH3CI) 

Since  1975  a  number  of  measurements  have  been  made 
of  the  stratospheric  concentrations  of  N2O.  CCI and  CCI2F2. 
Four  field  programs  have  been  particularly  extensive,  all 
involving  laboratory  analysis  by  gas  chromatography  of  air 
samples  collected  by  balloon-borne  samplers.  The  few 
measurements  made  by  in  situ  balloon-borne  infrared  tech¬ 
niques  [Farmer  et  al.,  1980]  are  consistent  with  these  data. 
The  four  research  groups  are 

NOAA  Goldin  et  al.  1 1980,  1981).  Balloon-borne  evac¬ 
uated  grab  samples. 

NCAR  Heidt  et  al.  [1975).  Balloon-borne  cryosampler. 

KFA  Volz  et  al.  11981).  Balloon-borne  cryosampler. 

Ames  Tyson  et  al.  |1978);  Vedde'  el  al.  |1978);  Inn  et 
al.  (1979);  Vedderetal.  [1981).  Balloon  and  aircraft- 
borne  cryosampler. 

The  results  from  three  of  these  groups,  compared  over  nar¬ 
row  latitude  bands,  are  shown  for  equatorial  latitudes  in 
Figures  21-15,  21-16,  21-17  and  mid-latitudes  in  Figures 
21-18  through  21-23.  They  are  in  good  agieement  with  one 
another.  The  two  single  altitude  profiles  obtained  by  infrared 
techniques  at  32‘’N  and  30°S  also  fall  in  between  the  trends 
shov.n  in  Figures  21-13  through  21-23.  The  data  for  CCljF 
and  CCKFj  have  been  corrected  for  the  well-established 
secular  increase  in  each  using  tropospheric  measurements. 

The  vertical  prefile  of  CH3CI  as  obtained  from  gas  chro¬ 
matographic  measurements  on  cryogenic  samples  from  bal¬ 


loon  flights  over  Southern  France  (44°N)  is  shown  in  Figure 
21-24.  The  data,  although  largely  scattered,  clearly  show  a 
very  rapid  decrease  from  600  ppt  at  the  tropopausc  to  about 
20  to  40  ppt  at  30  km  indicating  the  short  lifetime  of  CH,C1. 

21.2.2  Carbon-Containing  Species 

21.2.2.1  Carbon  Dioxide  (CO2).  Vertical  profiles  of  CO2 
have  been  measured  routinely  at  NCAR  using  a  volumetric 
technique,  achieving  a  precision  of  ±3  ppm.  About  the 
same  precision  has  been  achieved  at  the  KFA  using  gas- 
chromatography.  The  precision  of  the  gas-chromatogriphic 
measurements  has  recently  been  improved  to  ±0.5  ppm' 
[Volz  et  al.,  1981).  Additional  measurements  have  been 
made  by  Bischof  et  al.  [  1980)  using  the  infrared  absorption 
teehnique,  and  by  Mauersberger  and  Finstad  (1980)  using 
a  balloon-borne  mass  spectrometrie  method. 

The  individual  profiles  of  CO2  are  plotted  in  Figure 
21-25.  As  can  be  seen,  the  older  volumetric  and  GC-data 
show  a  large  scatter  but  no  significant  gradients  of  the  CO2 
mixing  ratio  in  the  stratosphere.  However,  .tom  the  more 
recent  data  [Volz  et  al.,  1981)  and  from  the  measurements 
by  Bischof  et  al.  [1980),  a  weak  but  significant  gradient  is 
observed  in' the  lower  stratosphere,  namely  the  CO;  mixing 
'  ratio  is  found  to  decrease  by  about  6  to  7  ppm  between  *he 
tropopause  and  20  km  altitude. 

21.2.2.2  Carbon  Monoxide  (CO).  Although  the  exper- 
imentai  data  are  extremely  limited,  the  measurements  cover 
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Figure  2l-!6.  Measurements  of  CF:0:  (FC-12)  as  a  function  of  altitude  in  the  equatorial  region. 
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the  vertical  profile  of  cO  between  the  tiofnipaiicc  -tKi  50 
km.  The  combined  data  in  Figure  21-26  suggest  a  decteiise 
of  CO  across  the  tropopause  and  in  the  lower  stratosphere 
up  to  20  km  ANive  this  altitude  the  CO  .-atio  is 

constant,  at  10  ppb.  up  to  .V)  km  It  then  incre'»'s  to  40 
ppb  around  40  to  50  km  altitude.  More  reliable  mca.suie- 
ments  of  C'O  in  the  middle  and  upper  stratosphere  a:e  re¬ 
quired  to  establish  the  vertical  profile, 

21.2.3  Hydrogen-Containing  Species 

2I.2..1J  Mnlerubir  Hydrogen  <H,).  Recent  strato¬ 
spheric  measurements  of  H,  aie  summari/cd  in  Figure 
21-27  The  profiles  obtained  at  three  latitudes  show  little  ? 
vertical  and  latitudinal  variation  h 

The  data  at  40  to  60“N  show  a  clear  decrease  with  < 
altitude,  from  O  ‘'5  ppm  at  the  tropopause  to  0.45  ppm  at 
.^5  km  altitude  IKhhalt.  I97X.  Fabian  ct  al..  I979|.  A  similar 
trend  although  with  a  much  larger  uncertainty  can  be  de¬ 
duced  Irom  the  data  at  60°N.  No  significant  trend  is  found 
for  the  data  al  .t2‘’.N  over  Palestine  Texas.  It  should  be 
noted  that  the  absolute  calibration  of  the  NCARdala  is  about 
10^  lower  than  that  of  the  KFA.  It  has  been  shown  bv 
Ehhalt  and  Tonnissen  |I980)  in  a  qualitative  way  that  ele¬ 
vated  levels  of  stratospheric  H-  are  associated  with,  and 
probably  caused  by.  increased  concentrations  of  CH4. 
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Figure  2l-2f>,  Venical  pmlilc  of  CO  at  mKlIaiiiuiks 
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Figure  21-27.  Vertical  profiles  of  Hj  at  differenl  latitudes.  The  NCAR  data  are  published  by  Pollock  et  al.  (1980)  and  Ehhalt  et  al.  (l9T5a4b|  by  the  KFA 
data  by  Volz  e>  al.  !I98I|  and  Fabian  et  al.  (19794  1981). 


21.2.3.2  Methane  (CH4).  Vertical  profiles  of  CH4  have 
been  niea.sured  since  l%5.  Most  of  the  sampling  flights 
were  performed  at  32°N,  and  52“N.  Only  data  from 
two  flights  exist  for  latitudes  >60°  (NAS)  and  only  cne 
profile  for  the  tropics.  Measurements  were  performed  either 
by  gas  chromatography  on  grab  samples  and  ciyogenic  sam¬ 
ples  collected  in  situ  during  balloon  and  aircraft  flights  or 
by  using  long  puth  infrared  absorption  from  balloons.  In 
Figure  2 1  -28  the  results  are  plotted  separately  in  four  latitude 
bands.  All  NCAR  measurements  made  prior  to  I97d  were 
multiplied  by  a  factor  of  1.2  (Heidt  and  Ehhait4  I980|. 

At  first  glance4  only  the  tropical  profile  deviates  signif¬ 
icantly  from  the  others,  showing  a  much  weaker  gradient 
in  the  stratosphere.  This  behavior,  which  is  also  confirmed 
by  the  profiles  of  other  long-lived  trace  gases  such  as  NjO 
and  FC-12.  signifies  a  considerably  stronger  upward  trans¬ 
port  in  the  tropics  than  in  mid-latitudes.  A  closer  investi¬ 


gation  shows  some  minor  but  still  significant  differences 
an'.ong  the  midlatitude  profiles.  The  average  profile  at  32°N 
shows  only  a  very  weak  gradient  between  20  and  30  km, 
and  on  several  occasions,  pjofiles  with  a  well-mixed  layer 
in  this  altitude  range  were  observed.  This  behavior  can  be 
explained  by  the  stratospheric  branch  of  the  mopical  Hadley 
circulation  displacing  air  from  the  tropical  mid-stratosphere 
with  a  weak  CH4  gradient  into  the  lower  stratosphere  at 
30°N,  (Ehhalt  and  Tonnissen.  I980|.  On  sonne  occasions, 
layers  of  almost  constant  mixing  ratio  were  also  ob^rved 
at  44°N.  In  addition,  from  the  individual  profiles  collected 
at  44°N.  there  is  a  slight  hint  of  a  seasonal  variation  of  the 
stratospheric  CH4  concentration,  especially  above  25  km. 
where  the  average  profile  shows  a  relatively  large  variability 
compared  to  lower  altitudes.  At  higher  latitudes,  the  data 
though  sparse  indicate  a  more  or  less  linear  decrease  of  the 
CHt  mixing  ratio  with  altitude  above  the  tropopause. 
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Figure  21-28.  Vertical  profiles  of  CH.  at  different  latitudes  The  NCAR  data  by  Pollock  et  al  (1980).  Ehhalt  and  Heidt  (1973a,  b).  Ehhalt  et  al.  (1974, 
I975a,bl;  the  NOAA  data  by  Bush  et  al.  (1978);  and  the  KFA  data  by  Volz  et  al.  (1981),  Fabian  et  al.  (1979.  1981).  The  NCAR  daU 
prior  to  1975  were  corrected  by  a  factor  of  l.^  (Heidt  and  Ehhalt.  1980). 
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21 .2. J.3  Ethane,  Propane,  and  Acetylene  (CjH*,  C jHii, 
and  C2H2).  Only  three  of  the  hydrocarbons  present  in  the 
troposphere  have  been  observed  in  the  stratosphere:  ethane. 
C;Hh,  propane.  and  acetylene,  C-H,.  The  tropo¬ 

spheric  background  mixing  ratios  of  these  species  are  quite 
low;  around  I  to  2  ppb  for  CTI,.  and  up  to  several  hundred 
ppt  for  CiHm.  In  addition,  they  show  a  strong  latitudinal 
gradient  with  even  lower  values  at  the  equator.  The  CiH* 
mixing  ratio  at  the  equator  is  lower  by  about  a  factor  of 
five:  CiHk  and  C:H:  decrease  by  a  factor  of  ten  (Rudolph 
etal.,  1979;  Singh  etal..  1979;  Harrison  et  al  .  l979;Cronn 
and  Robinson.  I979|.  Because  of  their  low  tropospheric 
concentrations  the  fluxes  of  these  gases  into  the  stratosphere 
are  small  and  llieii  iii'pact  on  the  stialosphcric  carbon  and 
hydrogen  budgets  is  negligible.  Singh  and  Hanst  (198 1] 
have  proposed  that  oxidation  products  of  ethane  and  propane 
are  important  carriers  of  reactive  nitrogen. 

CjHh  and  CiHh  react  rapidly  with  atomic  chlorine.  Ct. 
and  can  drcrca.se  the  Cl  concentration  significantly  in  the 
lower  stratosphere  (Aiken  and  Maier,  1978:  Rudolph  et  al., 
1981).  Measu.ed  profiles  of  have  been  used  to  deduce 
the  vertical  profile  of  Cl  atoms  in  the  lower  stratosphere, 
where  direct  observation  of  Cl  atoms  is  not  yet  feasible 
(Rudolpli  et  al..  1981  (. 

The  measured  vertical  profiles  of  C-H^.  C,H,.  C<H,  are 
shown  in  Figures  21-29  through  21-32.  All  of  these  gases 
exhibit  a  strong  decrease  in  the  mixing  ratio  with  altitude. 
The  measured  profiles  of  C;H;  and  C,H,  agree  reasonably 
well  with  those  predicted  from  a  one-dimensional  steady- 
state  model.  In  contrast  C.-H*.  which  is  destroyed  by  reaction 
with  Cl.  decreases  less  steerly  than  predicted  This  has  been 
interpreted  to  indicate  substantially  lower  Cl-atom  concen- 


Figure  2I  -2V  VcrtiL-al  priiKlev  i<f  the  C.H-  mixing  ralm  m  the  -.ifato'.phcrc 
over  Southern  Franee  44'  N  latitude  [Rudolph  et  jl  ,  lilSI  | 
The  stippled  area  sho\s\  the  range  of  data  h\  Cronn  and 
Robinstm  11979)  over  San  Franc?‘co  Ba\  area  t  n  Nl  in 
April.  1977. 


KM  FT  •  10  ^ 


6 

•  20 

— 1 — 1 — 1 — 1 — 1 — 1 — 1 — i — 

■5 

15 

-  - 

'4 

3 

ut 

10 

-«o. 

3  ^ 

'zJim 

5 

■  s' 

2  ■  t 

0 

.  TROPOPAUSE 

c 

0 

2 

g  1 

e 

iib 

A  A  A  •  APRIL  ??.  1977  i 

7 

■  4PRa  2S  1977  j 

*  APRIL  ?6  >977 

<  1 

e  APRIL  19?;  j 

tn 

10 

"  .  •  APRIL  28.  1977  H 

a  -4 

•  A  APRIL  1977 

15 

U  .  '  •  J 

5 

1 

' 

6 

20 

1  1  1  1  1  1  It  1 

a  dl  02  03  04  OS  06  or  06  09  mO 

Figure  21  -.40  Disinhulion  of  aeelv  lene  rclatne  to  iropop.iuv,’  height  The 
laliludc  range  ol  the  vjniplev  front  the  lir-l  lliehi  »ere  V> 
lo  dTN  ami  .40  lo  .4H  S  lor  the  remaining  Itighis 

trations  in  the  lower  stratosphere  than  predicted  by  mtxicis 
(Rudolph  etal.  1981  (. 

21.2.4  Stratospheric  Water  Vapor  (H2OI 

Ellsaesser  ct  al.  1 1980|  discussed  tiie  knowledge  ol  the 
physical  and  chemical  properties  of  stratospheric  H  -()  in 
197q.  In  that  work,  a  compilation  t'f  measured  protilcv  was 
■given  in  graphical  form  and  a  number  of  conclu'ions  were 
drawn.  In  general,  the  basi;  Brewer  theory  of  tropical  Tret../e 
drying"  within  the  rising, equatorial  branch  of  the  Hadley 


Figure  ?  I-^I  Vertical  prutilcN «»!  the  C  H  inixine  rath*  in  (he  stt.iit'-phere 
over  Southern  Fiance  44  N  latiimle  [RuiI<'!|mi  c?  .il 
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Figure  2 1  -32.  \  enua)  p^)hlo^  of  the  ('  .H.  mixing  mfio  tn  the  stratosphere 
over  SiKithcm  France.  44  N  latituife  |Ruih»lph  ct  al..  IVKI } 


cell  was  thought  tn  he  valid.  However,  a  number  of  ques¬ 
tions  remained. 

•  Are  there  significant  long-period  trends  in  lower  strat¬ 
ospheric  mixing  ratio,  suggesting  changes  in  circu¬ 
lation  of  tropical  trojvxpause  temperatures? 

•  Is  the  decrease  in  mixing  ratio  with  height  just  above 
the  ttxrp'cal  ttxtpc.pause  as  identified  by  KIcy  et  al. 
(197^1  during  their  only  tropical  sounding  a  regular 
feature  of  the  stratosphere? 

•  Arc  there  latitudinal  gradients  of  the  mixing  ratio?  If 
s<i.  are  they  poleward-directed  or  equator-directed  ’ 

•  Ate  there  inca-ases  in  mixine  ratio  with  ficighf?  If  so. 
can  the  increase  he  fully  accounted  for  by  CH.  oxi¬ 
dation? 


tm  K  N«fv  \91H  by  two  ba)l(Hm-hi»mc  in  situ  invtnjfnenlv 
iWIRS  jnil  ABSt  cimiparcd  to  the  I.IMS  pruhk’  retneved 
*ith  the  (iperatHmal  algorithm  {Gilk  4fkJ  Russell,  personal 
awnimimcationl. 

seem  to  indicate  a  marked  peak  in  the  K.O  mixing  ratio  at 
the  55  to  60  km  level.  However.  Rogers  et  al.  il977|  and 
Waters  et  al.  |I980|  have  reported  constant  mixing  ratios, 
centered  around  4  ppmv  al  these  altitudes.  Since  there  are 
.10  theoretical  arguments  for  large  mixing  ratios  peaking 
around  55  to  60  km.  contirming  inea.surcments  are  needed 
before  those  results  can  be  considered  real. 

A  new  ill  .iitu  device,  developed  by  Kley  and  his  «s- 


21.2.4.1  Salellitf  Measurements  Water  vapor  profiles 

have  been  obtained  b;  the  LIMS  instrunicnt.  extending  from 
the  iRipiipaiisc  up  to  50  km.  for  a  number  of  -.pecihc 
tx-casions.  and  generally  sh*iw  a  fairly  gr.idual  increase  of 
mixing  ratio  with  height  over  this  range.  An  example  of 
this  data  IS  compared  in  Figu-c  2l-.<.^  with  prohles  obtained 
siniult.ine<*usly  by  two  balliHin-NirrK*  instrunK’nis:  an  in¬ 
frared  radiomeicr  from  the  Atmospheric  Fnvironnienl  Ser¬ 
vice  (labelled  .AhSi.  and  the  WIRS  instrument  of  the  Na¬ 
tional  Physical  l.aboratofy  The  data  aercc  closelv  civing 
encouragcnien!  that  at  least  in  the  lower  stratosphere,  the 
LIN?S  data  appears  lit  agree  well  with  independent  i>hsc'’- 
vations.  , 

21.2.4.2  Other  Measurements.  The  observations  shown 
in  Figure  21-.'J  '.hov.  an  increase  in  M-O  mixing  ratio  be¬ 
tween  the  tropopaiise.  or  in  some  cases  a  somewhat  higher 
icvel,  and  .'(I  or  4(1  km  altitude.  The  satellite  observations 


Vt'ii  •..►.*1  V  »-K  -lAT.O  •ir,-s-,i 


Figure  21  34  .'Mtitiuk'  prodk*  of  H  O  S,  ,»ocn  4()  ami  N  latitude.  If 
mi»rc  iban  one  ‘.va'  makfe  h>  a  -vertain  gnH»n.  the 

bunded  area  represents  the  range  of  their  measurement 
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sociates  (Kley  et  al..  1979;  Kley  and  McFarland.  1980]  has 
now  evolved  as  a  powerful  technique.  These  authors  have 
built  a  sensitive  instrument  with  a  fast  response  time  for 
balloons  and  aircraft  wiiich  can  resolve  tens  of  meters  in 
the  vertical.  Measurements  of  H^O  and  temperature  in  mid¬ 
latitudes  (Wyoming)  generally  show  undersaturation  in  the 
upper  troposphere  although  on  one  flight  in  Brazil  |Ktcy  et 
al.,  1979!  saturation  was  observed  at  the  tropical  tropo- 
pause.  The  results  of  the  Brazil  flight  are  shown  in  Figure 
21-35.  However,  previous  observations  by  Dobson  and  co¬ 
workers  IBrewer.  1949;  Dobson  et  al..  I9‘161  over  southern 
England  (~52°N)  have  shown  ca.ses  of  both  saturation  and 
undersaturation  below  the  tropopause.  Saturation  would  in¬ 
dicate  a  contradiction  to  the  Brevyer  model.  Even  super- 
saturation  has  been  observed  jDobson  et  al  ,.  194b;  Kley  et 
al.,  1980).  It  was  pointed  out  by  Kley  et  al.  |I979<  that 
tropical  stratu.';phcric  air  has  a  minimum  mixing  ratio  at 


Higjre  ’I'.I.S  The  walcr  vapor  misinj’  ralio  measured  over  Quixeramo- 
him.  Braril  on  27  Sept  IV7S  |Kley  el  al  .  I97<»| 


T'lgure  2l-.t6  The  mean  annual  vartalHHi  of  slralospherk  water  vapor  al 
WashingliHi.  DC.  based  on  12  years  of  data  by  Slasien 
bnattL  and  Daniels  |  tV)U)| 


about  60  mb  or  1 9  km  I  sec  Figure  2 1 -35).  This  is  well  abo\e 
the  tropopause.  Robinson  |  I9K0|  has  fiVund  more  examples 
from  literature  studies.  These  observations  indicate  that  the 
simple  Brewer  mechanism  needs  to  be  refined. 

Another  set  of  water  vapor  data  are  the  frost  point  mea¬ 
surements  of  M»sier.bi\iok  that  are  being  continued  by  NOAA. 
In  a  recent  paper  |Mastcnbr,:.ik  and  Daniels.  I98()|  data 
from  fiMir  flights  over  W»shing|i>n  D  C  during  the  early 
pan  of  1979  are  reported.  A  map  of  annual  variations  of 
stratospheric  H>0  over  Washington.  D.C  .  based  on  12 
years  of  data,  is  presented  hcie  in  Figure  2 1 -.36.  . 

The  ctwnpirsite, water  vapor  pnvfilc  of  Figure  21-36  is 
I  recommended  for  chemical  modeling  purposes  in  the  lower 
S  stratosphere  at  mid-lalitudes  (/  <  20  km).  Mastenhrook's 

I  instrument  > tends  to  produce  altitude  independent  mixing 

ratios  whereas  Kley's  instrument  normally  gives  a  iTHuJerate 
increase  of  I  ti>  3  ppmv  between  tropopause  and  32  km  at 
mid-latitudes  For  the  equatonal  lower  stratosphere  it  is 
siipgesird  that  Figure  7I-3S  bty  uvil  This  pirohle  is  similar 
to  earlier  ones  by  Masicnhriiok  1 19681  but  shows  the  hy- 
gri'pause  clearly.  It  should  be  noted  that  it  is  the  minimum 
in  water  vapx>r  some  ,3  km  aN>vc  irupiml  tmpopause  that 
was  referred  to  as  hygropause  by  Kley  et  al  |l'77‘)| 

21.2.5  Odd  Oxygen 

The  priiK'ipal  oxygen  nidieals  aa*  (8  'Pi.  fX'D).  ().( '6|. 
O.l  'i).  O.  (other  excited  stalest  and  0>.  While  it  is  feasible 
in  this  section  to  critically  analyze  all  of  the  available  data 
on  the  first  five  species,  a  thorough  discussion  of  O.  is 
obviously  of  such  magnitude  that  it  warrants  special  treat 
men!  (see  Section  21.1).  Atomic  oxygen  in  the  'D  level  is 
of  critical  importance  for  establishing  the  oxidation  rate  of 
source  molecules  which  enter  the  stratosphere  such  as  CHj. 
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N:0  etc.,  but  there  currently  are  no  observations  of  (O’D) 
in  the  stratosphere.  The  electronically  excited  states,  OjC'B) 
and  0:(‘S).  have  been  observed  but  the  data  base  is  small. 
The  remaining  electronically  excited  states  of  Oj  (A'Su  , 
C'8“,  C2„  )  have  not  been  observed. 


21. 2.5. 1  /ilomk  Oxygen  (0{*P)).  There  are  six  obser¬ 
vations  of  0('P)  in  the  stratosphere,  all  obtained  using  a 
parachute-boriie.  in  ^itu  atomic  resonance  fluorescence  in¬ 
strument.  the  results  of  which  are  shown  in  Figure  21-37. 
Experimental  accuracy  is  ±  309f  and  experimental  precision 
±  10%  for  eaci;  measurement  |Anderso'i,  19751. 

Several  points  are  apparent  from  Figure  21-37.  First, 
there  is  both  local  .structure  within  and  absolute  displacement 
among  observed  distributions  which  exceed  respectively  the 
precision  and  accuracy  of  the  measurements.  It  should  also 
be  noted  that  the  local  structure  does  not  appear  consistently. 
For  example  the  profiles  observed  on  October  25.  1977  and 
December  2.  1977  display  a  small  degree  of  local  structure, 
typically  less  than  ±  20%  variation  over  an  interval  of  ±  I 
km  above  approximately  34  km.  Below  that  altituck  sig¬ 
nificantly  greater  liKal  structure  is  apparent,  though  seldom 
more  than  ±  50% .  On  the  other  hand,  the  remaining  four 
observations  exhibit  at  lea.st  one  example  of  major  I  factor 
of  t\so>  variaiiim  over  ±  2  km  interval  with  an  increasing 
structural  development  below  the  33  to  35  km  interval. 


21.2.6  OdJ  Nitrogen 

21.2.6.1  Nitric  Oxide  (NO)  NO  has  been  the  most  ex¬ 
tensively  studied  stratospheric  ixid-nitrogen  species.  The 
last  decade  has  seen  numerous  measurement  programs  apply 
a  variety  of  experimental  techniques  at  many  different  al¬ 
titudes.  l.tcations.  and  seasons.  Thus,  the  problem  in  es¬ 
tablishing  a  picture  of  our  best  current  experimental  under¬ 
standing  of  stratospheric  NO  is  not  a  scarcity  of  data,  but 
rather  of  making  a  proper  assessment  and  selection  of  the 
data. 

Altitude  Profile, 

There  have  been  a  large  number  of  measurements  by 
many  differem  groups  of  the  NO  mixing  ratio  as  a  function 
of  altitude.  The  techniques  employed  m  these  measurements 
fall  into  two  classes:  in  situ  and  remote.  While  the  long- 
path.  vertical-column  measurements  from  the  latter  tech¬ 
nique  have  provided  some  of  the  be.st  information  regarding 
the  seasonal  and  latitudinal  variations  for  NO.  the  dt'ter- 
mination  of  a  detailed  height  profile  from  long-path  data 
involves  deconvolution  at  st>lar  zenith  angles  near  90'  in 
order  to  obtain  the  maximum  numiier  of  absorbing  mole¬ 
cules  along  the  sight  path  The  rapid  NO  -♦  NO;  and 
NO;  —►  NO  conversions  at  sunset  or  sunrise  complicate  the 
comparison  of  these  data  with  nmJel  predictions. 

As  a  consequence,  in  situ  measurements  are  used  here 
to  establish  the  NO  height  pnifile.  A  limited  number  of 


COSC  IW)l  t  C  CCl 


Figure 


Observed  concciilralion  of  Of 'PJ  K.iwccn  2H  and  4.^  km  in  the  Mralosphcre.  All  defermined  m  situ  using  aumiic  resonance  flut^rescente. 
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midday  long-path  measurements  are  also  included.  The  re¬ 
sult  is  a  more  nearly  homogeneous,  relatively  high  sun 
profiie  that  should  afford  a  better  defined  comparison  be¬ 
tween  observations  and  theory.  The  exclusion  of  the  results 
of  the  remote  techniques  docs  not  unduly  restrict  the  size 
of  the  data  set  on  which  the  present  height  profiles  can  be 
based,  since  there  arc  a  sizable  number  of  in  situ  measure¬ 
ments  made  by  several  groups,  using  a  variety  of  techniques: 
chemiluminescence  deployed  with  balkxms  (Ridley  and 
Howlett,  1974;  Drummond  et  al..  19771,  aircraft  (Loew- 
enstein  et  al..  I97S|.  and  rockets  (Ma.son  and  Horvath. 
1976);  photoionization  mass  spectrometer  (Aikin  and  Maier, 
1978).  spin-flip  laser  absorption  (Patel  et  al.,  I974|.  A  bal¬ 
loon-borne  pressure-modulated  radiometer  (Chaloneret  al.. 
I978|  has  been  used  to  obtain  midday  long-path  informa¬ 
tion. 

Assuming  instrumental  repnxlucibility,  the  variations  in 
the  results  fn>m  a  series  of  flights  employing  the  same  in¬ 
strument  are  the  best  indicator  of  natural  sea.sonal  and  geo¬ 
graphic  trends,  since  it  is  likely  that  differences  between 
the  results  of  different  research  groups  and/or  instrument 
packages  can  be  dominated  by  unknown  systematic  instru¬ 
mental  discrepancies.  Consequently  the  approach  used,  is 
(a)  to  examine  separately  the  data  of  each  gmnp  that  has 
accrued  sizeable  sets  for  possible  seasonal  and  geographic 
effects,  and  (b»  then  to  combine  the  data  of  all  of  the  groups 
into  an  appropriate  pmfilc. 


Figure  21-38  shows  the' balkxin-bome  measurements  of 
Ridley  and  coworkers  (Roy  et  al.,  1980;  Ridley  and  Schiff, 
1981;  Ridley  and  Ha.stie.  I981|  made  in  October,  1977  and 
thereafter.  All  six  of  these  flights  were  made  with  a  chem¬ 
iluminescence  instrurnent  that  incorporated  an  improved  in¬ 
let  and  in-flight  calibration  procedure  (Ridley  and  Schiff. 
1981 1.  The  internal  consistency  of  the  data  set  in  Figure 
21-38  strongly  suggests  that  a  sizable  part  of  the  much  larger 
variation  that  this  group  observed  earlier  from  flight-to-flight 
was  instrumental.  For  example,  the  nearly  coincident,  half- 
filled  symbols  represent  data  gathered  from  three  flights  at 
the  same  place  and  sea.son  (32°N.  fall),  but  in  two  different 
years.  In  addition,  the  data  taken  on  two  flights  at  the  cor¬ 
responding  Southern  Hemispheric  latitude,  but  different 
equivalent  season  (SH,  summer)',  are  only  slightly  lower 
than  the  NH  results.  Lastly,  measurements  from  the  summer 
flight  at  5I°N  lie  wholly  within  the  32“  data  set.  Since  the 
differences  between  the  results  of  the  flights  are  very  nearly 
equal  to  the  variations  within  any  one  of  the  flights,  these 
data  present  no  evidence  of  systematic  patterns  over  the 
given  parameter  ranges:  summer  and  fall.  50°  to  .30°N  and 
.30°S.  stviar  zenith  angle  37  to  75°.  Therefore,  they  present 
no  reason  not  to  take  a  factor-of-three-wide  band  of  NO 
mixing  ratios  as  representative  for  these  parameter  ranges 
and  for  the  indicated  altitude.s. 

Figure  2 1 -.^9  shows  the  rtx:kct-bome  chemilumines¬ 
cence  measurements  made  by  Horvath  and  Mason  over  a 


Fieurc  ?l  .tS  In  \nu  SO  nnxin^  rulio  nic;tNUromcnlc  i>t  Ridli’s  jnd  ss'w»if1tcrs.  All  u!  the  IliL'hls  were  m:idc  vMlh  instmtucnlation  ihat  incorporated  a  new 
inlet  jnd  Ilijiht  mhliration 
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Figure  2I-.19  In  tirw  NO  mixing  raiio  meaxurements  of  Horviih  and  Maxon.  The  1980  measurements  were  made  on  parachute  descent. 


five-year  peritxJ  at  one  location.  39°N.  aisd  four  seasons. 
IMason  and  Horvath.  1976;  Htirvath  and  Mason.  1978;  Hor¬ 
vath,  petvrnal  communication!.  There  is  good  agreement 
within  the  data  set.  The  later  measurements  ( 1980  and  1981 ) 
have  better  precision  because  they  were  taken  on  parachute 
descent,  rather  than  rxKket  ascent.  No  clear  seasonal  trend 
eoKrges  fnim  this  data  set  The  data  set’s  homogeneity  d«KS, 
bi'wever,  establish  a  fact<»r-(»f-thfee  band  of  NO  mixing 
ratios  at  these  altitudes,  which  are  generally  higher  than 
those  reached  by  Ridley  and  coworkeis. 

The  measurement  bands  corresponding  to  the  two  ex¬ 
tensive  NO  mixing  ratio  data  sets  are  reproduced  in  Figure 
2 1 -ft)  The  width  of  the  indicated  ranges  includes  essentially 
all  of  the  individual  measurements  and  their  estimated  un¬ 
certainties.  The  results  of  four  other  nieasurciitcnl  series  arc 
shown  The  first  is  that  of  liK-wenstein  and  coworkers, 
whose  chemiluminescence  instrument  has  been  flown  ex- 
tensisely  at  two  altitudes  aboaid  '  '-2  aircraft  ILoewensiein 
and  Savage.  1975;  Lix’wcnstein  et  al..  1975.  1977.  1978a. 
b|  The  rectangles  m  Figure  21-40  represent  the  range  of 
NO  mixing  ratios  found  in  spring,  summer,  and  fall  and 
over  latitudes  from  5'  to  50'N.  Measurements  were  also 
maik-  in  winter  at  mid-latitudes  and  above  ,S0°N.  A  pn<- 
nounced  w  inter  variation  was  found  and  is  discussed  in  detail 
belC'W  The  winter  variation  is  excluded  from  the  data  in 
Figure  21-40.  The  second  measurement  series  represented 
in  Figure  21-40  is  a  short  one.  namely ,  two  flights  by  Patel 
and  coworkers,  who  used  a  spin-flip  Raman  laser  to  detect 
NO  in  absorption  in  a  multipass  cell  1  Patel  et  al.,  1974; 


Burkhardt  et  al..  1975).  Although  only  two  flights  were 
peiformed.  the  results,  taken  in  the  fall  of  1973  and  the 
spring  of  1974.  are  in  remarkably  good  agreement  far  sev¬ 
eral  hours  at  float  altitude.  A  single  data  point,  representing 
the  noontime  mean,  is  given  in  Figure  21-40. 

As  Figure  21-40  shows,  the  data  sets  are  in  good  agree¬ 
ment,  Even  though  there  are  some  discrepancies,  there  is 
nevertheless  substantial  overlap.  There  are,  of  course,  some 
in  situ  and  remote  measurements  that  have  been  excluded 
from  this  comparison  and  that  conflict  with  the  data  in  Figure 
21-40.  It  is  worth  stressing  here  that  these  exclusions  were 
'oa.vcd  on  the  reasons  given  above  and  not  on  the  fact  that 
they  conflict  Furthermore,  some  of  the  excluded  measure¬ 
ments  agree  with  those  in  Figure  2 1  -*>0. 

Diurnal  Vuriatiim 

.  Observations  have  confirmed  all  of  tlie  major  NO  diurnal 
variations  expected  froni  the  stratospheric  odd-nitnigcn 
chemistry:  essentially  no  NO  at  night,  a  rapid  increase  at 
sunrise,  a  slow  increase  during  the  daytime,  and  a  rapid' 
dccr'iise  at  sunset.  .All  of  these  features  have  been  observed 
in  detail  with  both  in  situ  and  remote  techniques. 

The  most  extensive  set  of  observations  arc  from  the  in 
situ  studies  of  Ridley  and  coworkers,  who  used  their  bal- 
Iwn-home  chemiluminescence  instrurhent.  Figures  21-41 
and  21-42  show  sunrise  and  sunset  data,  respectively.  The 
sunrise  1975  flight  employed  two  separate  chemilumines¬ 
cence  instruments  |Ridley  et  al..  1977|.  neither  of  which 
had  the  improved  inlet  calibration  pnKcdures  adopted  in 
1977  {Ridley  and  Schiff,  1981 1.  Although  it  might  be  for- 


21-28 


ATMOSPHERIC  COMPOSITION 


0  01  0.1  ?  10  IOC 

MIXING  RATIO  Ippbv) 

Fijiurc  -l'40  '  /«  \f»M  NO  mixina  ijln»  iiK*j'*«a’nH:n|N  t>t  sc\cral  scnc\  ol  Ut'liima  NCll^'iKiM\ien(  rv  uliv 


tuiliius.  the  N()  mixing  ratios  are,  however,  in  auxord  with 
thtise  from  their  later  flights  (see  Figure  2 1 -.'8/.  Figure 
21-42  shows  this  group's  sunset  measurements  (Ridley  and 
Sehiff.  1981 1.  Both  sets  of  data  reveal  these  rapidly  ehang- 
ing  events  in  remarkable  detail  and  Figure  21-41  tlcarly 
shows  a  slow  NO  increase  during  the  daytime. 

Seasonal  Vuriaiion 

The  variation  of  NO  w  ith  season  necessarily  requires  an 
"xtensive,  measurement  program.  Fortunately,  several  such 
studies  have  been  conducted  with  diftcrent  techniques.  The 
various  results  are  in  reasonable  liarmony. 

The  most  extensive  of  such  investigations  are  those  of 
Loewenstein  and  coworlters  using  a  U-2  chemiluminescence 


instrument.  The  studies  have  revealed  two  major  seasonal 
cMfects.  The  first  of  th-se  s;cms  fn>m  a  4-year  flight  serie' 
at  21  km  during  all  months  of  the  year.  The  results  are 
shown  in  Figure  21-4.1  (l.tiewenstein  et  al  .  I97'>1.  A  r;  thcr 
sharp  winter  minimum  and  a  broader  summer  maximuni  is 
apparent.  The  ratio  of  the  maximum  and  minimum  concen¬ 
trations  is  about  six.  The  reproducibility  of  the  pattern  over 
1  years  makes  it  difficult  to  doubt  its  reality,  Furtliermore. 
the  same  trend,  although  detined  by  le  s  data,  has  been 
found  at  18  ,1  km. 

The  second  striking  seasonal  variation  discovered  by 
Lw'wenstein  and  coworkers  is  shown  in  Figure  21-4-1.  The 
data  are  from  several  summer  and  fall  flights  at  18  km 
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EiSurc  ’1-41.  The  sunriM-  in  siiu  SO  measurements  of  Ridley  et  al  11977)  obtained  using  t’vo  chemiluminescence  instruments  simultaneously  flown  on 
15  May  1979  near  .Vf'N,  106  W 

alliludc  and  from  5"'N  to  SO'N  latitude.  North  of  about  50°  21  km  altitude  measured  by  Loewenstein  et  al.  (1978al. 

or  60°.  the  NO  ctmeentration  exhibits  a  marked  seasonal  These  data  are  typical  of  those  obtained  from  their  other 

variation;  the  summer  values  are  an  order  of  magnitude  north-south  transects.  The  largest  5°N-to-50°N  difference  is 

larger  than  the  fa!!  values.  There  were  no  winter  or  spring  about  2.5.  the  values  increasing  in  a  northern  direction 
high-latitude  (lights,  so  only  a  summer-fall  comparison  is 

possible.  The  fall  high-latitude  values  are  nearly  rero;  there-  21.2.6.2  Nitrogen  Dioxide  (NO2).  Several  extensive  flight 

fore,  the  winter  values  cannot  be  much  lower.  At  21  km.  and  ground-based  measurement  programs  have  established 

the  high-liititude  data  are  sparse;  hence,  the  spring-fall  dif-  a  better  picture  of  stratospheric  NO:  in  recent  years.  NO: 

fcrence  seen  at  IS  km  could  not  he  investigated.  is  a  rather  variable  constituent,  both  in  time  and  in  location, 

Liriimliruil  Vtiriaiions  and  some  of  its  now  recognized  variations,  such  as  the 

Between  5''N  and  about  .‘>()°N.  there  is  substantial  evi-  winter  minimum  at  high  latitudes,  are  an  unanswered  chal- 

dence  that  the  latitudinal  variation  of  NO  is  not  large.  Figure  lenge  to  theory. 

21-47  show  s  the  north-south  variation  for  summer  at  18  and 


Figure  7 1 .4T  1  he  Min^el  ni  \iiii  me.isureme.ilN  nl  Rijlev  jnd  Sehiff  |  l9Ki  j  Figure  21-43.  Nitric  oxide  seasonal  data  ( !  22”W.  40"N|  summary  at  21 .3 

ohi.iined  isith  .1  elieimiumineseenee  instrument  flown  on  S  '  km.  Ttic  in  situ  NO  measurements  of  LiKwenstein  et  al. 

■So\  |9’s  ne.ir  .12  N.  9h  W  1 1977)  obtained  with  a  chemiluminescence  instrument 
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Altitude  Profile 

Tlicre  arc  virtually  no  in  situ  nieasurements  of  NO^  in 
the  stratosphere;  hence,  essentially  al!  of  the  information 
about  the  NO;  altitude  profile  has  conic  from  remote  tech¬ 
niques.  Most  of  these  methods  have  required  the  long  path 
associated  with  the  rising  or  setting  Sun.  obtaining  the  ver¬ 
tical  variation  of  the  NO;  mixing  ratio  t«y  unfolding  it  from 
the  change  of  the  slant  column  density  as  a  function  of  the 
viewing  angle.  Thus,  the  itlajority  of  the  NO;  altitude  profile 
measurements  are  grouped  into  either  sunrise  or  sunset  pro¬ 
files.  The  sunset  mixing  ratios  of  NO-  are  larger  than  those 
at  sunrise,  the  increased  NO-  naving  been  formed  by  the 
photolysis  oi  .N-O,  In  addition  to  this  sunrisc/sunset  dif¬ 
ference,  there  are  marked  seasonal  and  latitudinal  variations 
in  the  vertical  column  of  NO-.  As  noted  in  detail  below. 


the  NO;  vertical-column  values  increase  with  increasing 
latitude  and  are  larger  in  the  summer  than  w  inter  Therefore, 
the  large  number  of  profile  observations  must  be  gathered 
into  subgroups  of  certain  times,  places,  and  seasons,  in  order 
to  have  a  well-defined,  homogeneous  profile.  The  largest 
of  these  is  the  subset  of  sunset  profiles  This  subset  is  ex¬ 
amined  here  to  see  if  they  also  show  latitudinal  or  seasonal 
trends. 

Figures  21-4,5  2 1 -4b,  and  21-47  are  observed  sunset 
profiles  at  approximately  .52°.  48°.  and  .‘i.5°N.  respectively. 
Each  profile  is  made  up  of  at  least  two  flights.  The  error 
bars  reflect  the  reported  jneertainties. 

Figure  2I-4.‘i  contains  the  results  of  the  extensive  flight 
series  of  Murcray  and  coworkers,  who  emploved  infrared 
IMurcray  et  al.,  1974;  Blatherwick  et  al..  19801  and  visible 
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Figure  21-45,  Remote  measuremenis  of  the  iiunsel  allilude  profile  of  NOj  made  at  32  to  33°N  lafitude. 


100 


IGoldan  et  al..  I978|  absorption  techniques  from  a  balloon 
pli-tform  launched  in  the  southern  United  States.  Accom¬ 
panying  these  data  are  the  results  of  the  two  recent  flights 
of  Fischer  and  coworkers  [personal  communication,  1981  j. 
The  data  set  includes  winter,  spring,  and  fall  flights,  but 
there  are  no  obvious  seasonal  differences  between  the  pro¬ 
files.  This  lack  of  variation  is  in  accord  with  the  vertical- 
column  observations,  which  find  little  seasonal  variation  at 
latitudes  below  35°N.  However,  the  lack  of  a  summer  flight 
precludes  the  mb.st  sensitive  test,  namely,  a  summer/winter 
comparison. 

Figure  21-46  gives  the  results  of  flights  that  were  made 
in  the  early  1970s  using  infrared  absorption  on  balloon  |  Ack¬ 
erman  and  Muller.  197.3;  Ackerman  et  al..  197,3)  and  aircraft 
[Fontanella  ct  al..  1975)  platforms  in  France.  The  16  x  lO''* 
value  of  Rigaud  et  al.  |1977|  at  37  km  in  May  of  1976 
seemed  too  large  to  war/ant  inclusion.  Three  seasons  are 
represented  (winter  is  mi;  sing),  but  the  small  data  set  and 
the  experimental  uncertainties  complicate  the  examination 
for  seasonal  trends. 

Figure  21-47  shows  the  results  from  flights  made  over 
a  3-year  period  in  Canada  using  visible  absorption  tech¬ 
niques  [Kerr  and  McElroy.  1976;  Evans  et  al.,  1978),  Two 
sets  of  results  are  shown.  The  data  of  Evans  et  al.  11978) 


summarize  the  results  of  four  flights.  All  five  flights  occurred 
in  the  summer. 

The  data  in  Figures  21-45.  21-46.  and  21-47  are  in  good 
agreement  within  each  latitude  range.  The  high-latitude  mix¬ 
ing  ratios  are  up  to  a  factor  of  two  larger  than  the  mid¬ 
latitude  values  in  the  range  from  IS  to  30  km,  as  a  com¬ 
parison  of  Figures  21-45  and  21-47  shows.  Since  the  con¬ 
centrations  associated  with  such  profiles  reach  a  maximum 
value  at  about  25  km.  these  larger  high-latitude  values  cause 
the  associated  vertical-column  value  to  be  larger.  Although 
the  unccrtPintics  are  relatively  lurge,  this  2.4  x  10'^  cm  * 
difference,  which  is  a  50%  increase  corresponding  to  a  20° 
change  in  latitude  in  the  summer,  is  in  good  agreement  with 
the  change  that  has  been  observed  in  vertical-column  studies 
of  the  latitudinal  dependence  of  NO-  in  the  summer.  Un¬ 
fortunately.  no  one  research  group  has  data  represented  in 
two  or  more  of  Figures  21-45  through  21-47.  Therefore,  it 
remains  possible  that  the  agreement  may  be  fortuituous. 
particularly  since  the  a  50°N  vertical-column  datum 
does  not  fit  very  well  into  the  trend,  it  is  nevertheless  re¬ 
assuring  that  the  assiKiated  vertical-column  values  deter¬ 
mined  from  these  profiles  agree  fairly  well  with  those  di¬ 
rectly  measured. 

Figure  21-48  contains  the  results  of  measurements  that 
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Figure  21-48  Results  of  full  doytime  and  full  nighnime  measureinents  of  NOj.  The  data  of  Roscoe  et  al.  |I98I)  (daytime)  and  Naudet  el  al.  (1980) 
(nighttime)  were  obtained  using  long  pathlength  techniques,  while  the  daytime  data  of  Mihelcic  et  al.  |I9781  were  collected  in  situ. 


were  made  in  full  daytime  and  nighttime.  The  daytime  stud¬ 
ies  are  from  the  long-path  pressure-modulated  infrared  •'2- 
diometer  of  Roscoe  et  al.  |I98I|  and  the  in  situ  matrix 
isolation  collector  of  Mihelcic  et  al.  1 1978).  Earlier  daytime 
long-path  studies  (Harries  et  al.,  1976,  Drummond  and  Jar- 
not,  1978)  had  considerably  less  precision  and  are  not  in¬ 
cluded  here.  The  nighttime  study  is  the  long-path  absorption 
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f-igurr  2 1  -4')  The  s»  nrise  ana  sunset  altiruJe  prahics  of  NO:  reptmed  by 
Evans  et  al  [19.-X]  from  the  Canadian  slrafoprohe  rtight 
series  The  upper  and  lower  limits  indicate  the  maximum 
observed  deviations  fn  m  the  nvan  The  nteasurenients  were 
made  using  a  hall»H»n-K>me  visible  absoipfion  apparatus 


investigation  of  Naudet  et  al.  ||980)  who  used  a  star  as 
light  source. 

Diurnal  Variations 

Both  vertical-profile  and  vcrtical-coiuiim  iricasarements 
have  defined  the  diurnal  variation  of  NOj.  Figure  21-49 
shows  the  morning-evening  difference  reported  by  Evans  et 
al.  11978).  who  averaged  the  results  of  four  flights.  The 
decrease  from  evening  to  morning  is  about  a  factor  of  two, 
which  agrees  with  vertical-column  rneasurements.  Figure 
.21-50  shows  the  results  of  Mankin  and  coworkers  (Coffey 
el  al.,  1981),  who  used  infrared  absorption  spectroscopy 
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Figure  2C50.  Sunrise  and  sunset  vertical-column  measurements  of  Man- 
kin  and  coworkers.  whi>  used  an  infrared  absorption  ap¬ 
paratus  on  an  aircraft  platform  jCoffey  et  al  ,  1^811. 
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aboard  an  aircraft.  Noxon's  gmund-based  absorption  spec- 
tn»sa>pic  technique  |Noxon  et  al..  1979;  Noxon.  I98()l  shows 
a  factor  of  two  larger  NO;  vertical  column  density  at  night 
when  compared  to  daytime  values,  which  is  consistent  with 
the  above  studies.  Girard  ct  al.  11978/1979).  using  similar 
techniques,  did  not  initially  find  a  sunrise-sunset  difference; 
hiiwever.  recent,  more  precise  measurements  (Girard,  per¬ 
sonal  communication)  have  found  this  difference. 

St’asimul  Vitrknums 

The  seasonal  variations  of  NO;  are  best  illustrated  by 
the  extensive  ground-based  measurements  of  Noxon  )  1979). 
Figure  2 1  -.^  I  show  s  the  results  of  4  years  of  vertical-column 
measurements  at  various  northern  latitudes.  The  winter  min¬ 
imum  and  summer  maximum  is  extremely  regular  and  the 
ratio  is  as  large  as  a  factor  of  live  at  the  higher  latitude. 
Girard  et  al.  1 1978/79)  repiirt  the  same  seasonal  trend,  but 
it  is  less  well  detim^d  in  their  smaller  data  set.  Other  vertical 
column  measureircnts  have  also  been  less  extensive  and 
some  unusually  lari’e  values  have  been  reported  )Pommer- 
cau  and  Hauchecome.  1979). 

21.2.6.3  Nitric  Acid  (HNO.,).  HNO,  has  been  studied 
with  a  variety  of  in  situ  and  remote  techniques.  The  main 
features  of  the  height  profile  have  been  established  'i-  k  much 
of  the  latitudinal  variation  is  now  well  establish  j,  Th. 
current  status  is  summarized  in  the  section  belo"'  at.  '  v 
details  are  contained  in  the  remaining  sections. 

Altitude  Profile 

The  altitude  profile  of  nitric  acid  in  the  stratosphen;  ir  .a. 
been  established  experimentally  by  in  situ  and  remote  tecii- 
niques  at  N<>rthern  Hemispheric  midlatitudes  and  is  shown 
in  Figure  21-52. 

Two  in  situ  methods  are  repiesented.  The  first  is  that  of 
l.azrus  and  Gandrud  11974).  who  used  a  filter  collection 
technique  on  balloon  and  aircraft  platforms.  The  second  ir. 
situ  method  is  the  rocket-borne  ion-sampling  technique  of 
Arnold  and  cov»orkers  )  1980).  with  which  the  HNOt  mixing 
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ratio  is  deduced  from  the  observed  ion  concentrations  and 
the  ion  chemistry  leading  to  their  formation  from  the  ambient 
HNO,. 

The  remote  measurements  have  employed  the  long  path 
assiK'iated  with  the  rising  or  setting  sun.  Since  HNO,  has 
a  long  lifetime,  the  time  of  the  day  at  which  the  measurement 
was  made  is  not  as  critical  a  parameter  as  it  is  for  NO  and 
NO;.  Thus.  ,Soth  in  situ  and  remote  measurements  can  be 
meaningfully  intercompared  in  Figure  21-52.  Both  infrared 
emission  IKvans  et  al..  1978;  Harries  et  al..  1976;  Murcray. 
personal  communication.  1980)  and  absorption  IFontanella 
et  al.  1975]  have  been  used.  The  data  of  Evans  et  al.  )  1978) 
represent  the  mean  of  the  results  of  four  flights.  All  of  the 
data  in  Figure  21-52  are  in  gixHl  agreement,  with  the  ex¬ 
ception  of  the  lower-altitude  results  of  Lazrus  and  Gandrud 
1 1974)  which  tend  to  be  lower  than  the  other  measurements. 

There  is  no  obvious  seasonal  trend  in  these  profile  data. 
Lazrus  and  Gandrud  )l974j  reported  that  their  winter  and 
spring  measurements  showed  higher  HNO,  concentrations 
than  did  their  summer  and  fall  measurements,  but  the  data 
were  tix)  sparse  to  be  able  to  make  a  more  positive  statement. 
The  vertical  column  density  associated  with'  these  profile 
measurements  in  Figure  21-52  is  (8.6  ±  4.0)  x  10'^  cm  ’, 
which  is  in  fair  agreement  with  the  vertical-column  mea¬ 
surements  di.scusseJ  below. 

Diurnal  Variation 

No  change  in  the  HNO,  abundance  as  a  function  of  the 
time  of  the  day  has  been  observed. 

Seasonal  Variation 

A:  latitudes  less  than  about  40°N,  there  is  no  strong 
evidence  to  support  a  large  seasonal  variation.  The  vertical- 
column  measurements  of  Mankin  and  coworkers,  who  used 
an  aircraft-borne  infrared  absorption  instrument  ICoffey  et 
a!..  1981).  found  essentially  no  summer-to-winter  change, 
as  Figure  21-53  shows.  Lippehs  and  Muller  11980)  found 
the  slightly  higher  value  ( 1 .8  ±  0.4)  x  10"’ cm  ’ at  40°N 
in  April. 

Latitudinal  Variation 

The  latitudinal  variation  of  the  vertical  column  of  HNO, 
is  well  documented  IMurcray  et  al.,  1975.  Coffey  et  al., 
1981).  There  is  a  strong  increase  in  the  vertical-column 
density  with  increasing  latitude,  both  in  the  Northern  and 
Southern  Hemispheres.  Figure  2 1  -54  shows  the  data  of  Mur¬ 
cray  ct  al  )  1975).  Above  about  50  to  GO^N  latitude,  there 
appears  to  be  a  pronounced  seasonal  variation.  At  these  high 
latitudes,  the  winter  HNO,  concentration  is  high  (see  Figure 
21-53)  and  in  the  early  summer  it  seems  to  be  imuch  lower, 
as  the  data  of  Murcray  et  al.  )  1978)  in  Figure  21,-55  show. 

21.2.6.4  Nitrogen  Trioxide  (NO.,).  A  single  height  pro¬ 
file  is  available  for  nighttime  NO,  INaudet  et  al..  1981). 
The  measurements  were  made  at  43°N  in  September  from 
a  balhson.  They  are  based  on  absorption  in  the  visible  region 
using  Venus  as  the  light  source,.  The  derived  profile  and 
staled  uncertainties  arc  shown  in  Figure  21-56. 

The  corresponding  column  abundance  between  20  and 
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Figure  3I-S2.  In  situ  and  remote  measurements  of  the  HNOj  mixing  ratio  at  northern  midlatitudes. 
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Figure  21-53  Evidence  for  the  lack  of  seasonal  variation  in  the  vertical 
column  density  of  HNO.  at  latitudes  less  than  -tO”  as  mea¬ 
sured  by  Coffey  et  al  (1981)  using  infrared  absorption 


Figure  21-54.  The  latitudinal  variation  in  the  vertical  column  density  of 
HNOi.  as  measured  by  Murcray  et  al  1 1975)  using  infrared 
emission  (1  atm  cm  =  2.7  x  iO'"  moleculcv'cm’). 
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F'gure  21-55.  The  decline  of  the  HHOi  vertical  column  density  at  high 
latitudes  in  the  spring  north  of  70“  as  seen  by  Murcray  et 
al..  11978)  using  infrared  emission. 
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39  km  is  (3.5  ±  1.2)  X  10”  cm'^.  This  appears  to  be 
consistent  with  Noxon’s  estimate  of  about  10”  cm'^  in  the 
spring  and  an  upper  limit  of  4  X  10”  cnr^  in  the  summer. 

21.2.6.5  Nitrogen  Pentoxide  (N2O5).  There  have  been 
no  new  measurements  of  NjO;.  This  situation  remains  as 
reported  in  NASA  RP  1049:  A  tentative  detection  of  2  ppbv 
at  30  km  a  few  hours  after  sunrise  by  Evans  et  al.  and  an 
upper  limit  of  1.2  x  10”  cm'^  above  18  km  in  February 
by  Murcray. 

21.2.6.6  Peroxynitric  Acid  (HO2NO2).  Despite  the  re¬ 
cent  interest  in  this  species  no  detection  of  its  presence  has 
been  reported.  The  upper  limit  remains  at  0.4  ppbv  as  re¬ 
ported  in  NASA  RP  1049. 


21.2.7  Odd  Hydrogen 

21.2.7.1  Hydroxyl  Radical  (HO).  Hydroxyl  has  been 
obsep'ed  in  the  stratosphere  by  four  independent  techniques: 

•  Solar  flu>  induced  resonance  fluorescence  observed 
by  a  rocket-btime  spectrophotometer  [Anderson,  1971a; 
Anderson.  1971b|  which  provides  a  local  concentra¬ 
tion  measurement  by  determining  the  change  in  total 
column  emission  rate  as  a  function  of  altitude. 


Figure  2!-.%  Vertical  nighttime  profile  of  NO.  (Naudcl  el  a!..  I9R1|  mcaNUrcd  using  visible  absorption  vsiih  Venus  as  a  light  source. 
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•  Balloon-bome  in  situ  molecular  resonance  fluores¬ 
cence  using  a  plasma  discharge  resonance  lamp  to 
induce  fluorescence.  The  fluorescence  chamber  is  low¬ 
ered  through  the  strato.spiiere  on  ,a  parachute  to  control 
the  altitude  and  veliKity  of  the  probe  (Anderson.  1976; 
Anderson,  I980|. 

•  Ground-based  high  resolution  solar  absorption  by  a 
PEPSIOS  (Poly-Etalon  Piessure  Scanned  Interfero¬ 
meter)  instrument  which  resolves  a  single  rotational 
line  in  the  (0-0)  band  of  HO  at  .109  nm.  The  total 
column  density  of  terrestrial  HO  between  the  instru¬ 
ment  and  the  sun  is  observed,  dominated  by  the  al¬ 
titude  interval  ?5  to  6.S  km  (Burnett.  1976,  1977;  Bur¬ 
nett  and  Burnett.  1981 1. 

•  Balhxm-bowie  laser  induced  detection  and  ranging 
(I.IDAR)  in  which  a  pulsed  laser  system  coupled 
to  a  telescope  is  used  to  observe  the  backscattered 
fluorescence  from  HO.  The  la.ser  is  tuned  to  the 
1-0  band  of  ;he  A-X  transition  at  282  nm  and  the 
fluorescence  at  .109  nm  (the  0-0  band)  is  observed 
as  a  function  of  time  following  the  laser  pulse 
(Heaps  and  McGee.  I982(. 

Data  from  the  upper  stratosphere  rocket  data  from  Anderson 
[197.11  and  the  stratosphere  balloon  data  using  in  situ  res¬ 
onance  fluorescence  [Anderson.  I980|  and  LIDAR  [Heaps 
and  McGee,  1982[  are  used  to  form  a  composite  HO  profile 
(Figure  21-57)  with  an  upper  limit  of  the  mean  tropospheric 
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HO  concentration  taken  from  the  methyl  chloroform  lifetime 
studies  and  tropospheric  laser  experiments. 

In  summary,  an  analysis  of  balimn  and  rocket  data  of 
HO  in  the  stratosphere  and  ground-based  total  column  ob- 
^rvations  leads  to  the  following  conclusions; 

1 .  There  is  substantial  agreement  among  the  three  tech¬ 
niques:  the  in  situ  data  provides  a  consistent  picture 
of  the  altitude  dependence  of  HO  between  .10  and  70 
km  implying  a  peak  concentration  at  40  km  of 
2.4  X  10’ cm  'and  a  total  column  density  at  midday 
of  6.9  X  10"  cm  The  midday  total  column  abun¬ 
dance  determined  from  the  ground  is  5.7  X  10"  cm’. 

2.  There  is  a  sy.stematic  increase  of  approximately 
I  X  10"  cm  ’  per  year  between  December  1976  and 
December  1979  and  a  suggestion  of  a  yearly  spring 
maximum  and  fall  minimum.  The  spring  to  fall  de¬ 
crease  is  approximately  309f. 

21.2.7.2  Hydroperoxyl  Radical  (HO2).  A  total  of  four 
HO:  observations  have  appeared  in  the  literature,  one  by 
the  matrix  isolation  technique  and  three  by  the  resonance 
fluorescence  method.  Those  observations  are  summarized 
in  Figure  21-58.  There  is  significant  scatter  evident  in  those 
observations  which  should  not  be  attributed  to  atmo.spheric 
variability  until: 

•  The  signal-to-noise  ratio  of  the  observations  is  im¬ 
proved; 

•  Simultaneous  observations  of  photochemically  related 
species  such  as  HO  or  H:0  demonstrates  a  correlation 
in  concentration  fluctuations. 

21.2.7.3  Atomic  Hydrogen  (H).  There  are  no  reported 
observations  of  atomic  hydrogen  in  the  stratosphere  either 
direct  or  indirect,  nor  have  any  upper  limits  been  reported. 

21.2.7.4  Hydrogen  Peroxide  (H2O2).  The  only  reported 
observation  of  H:0:  is  the  tentative  result  reported  by  Waters 
et  ai.  [I981|  using  the  Balloon-Borne  Microwave  Limb 
Sounder  (BMI.S)  to  observe  the  purely  rotational  emission 
of  H.O:  at  204  GHz.  All  aspects  of  the  experimental  hard¬ 
ware  and  uncertainties  analysis  are  identical  to  that  discussed 
in  the  8MLS  section  of  the  CIO  discussion. 


21.2.8.  Odd  Chlorine 

21.2.8.1  Chlorine  Oxide  (CO). 

Seasonal  Variation 

Although  there  is  an  indication  of  some  seasonal  de¬ 
pendence  in  CIO,  the  data  base  is  clearly  inadequate  to  draw 
any  clear  conclusions.  This  question  should  be  addressed 
both  by  an  improvement  in  the  accuracy  and  precision  of 
the’ balloon-bome  methods  ahd  by  the  more  extensive  de¬ 
ployment  of  ground-based  methods.  Only  when  those  are 
cone  in  concert  w  ill  an  adequate  definition  of  this  important 
point  emerge. 
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Figure  21-58.  Vertical  profiles  of  HO:  from  balloon-borne  resonance  fluorescence  measurements  (Anderson  el  al..  1981). 


Latitude  Variation 

There  is  virtually  no  information  on  the  critical  question 
of  latitude  variation.  The  balloon-borne  observations  are  all 
carried  out  at  32‘’N  and  the  ground  based  data  at  42°N.  As 
will  be  noted  in  the  subsequent  sections,  if  the  steep  gradient 
in  CIO  below  the  peak  is  characteristic  of  both  mid-  and 
low  latitude  conditions,  the  interpretation  of  chlorine  in¬ 
duced  depletion  will  be  significantly  simpler, 

21.2.8.2  Hydrogen  Chloride  (HCI).  HCI  in  the  strato¬ 
sphere  has  been  observed  by  three  different  remote  sensing 
techniques  and  one  in  situ  method.  Most  of  the  presently 
available  data  on  the  vertical  profile  of  concentration  come 
from  balloon-borne  observations  made  at  ~.32°N  latitude 
(Texas  and  New  Mexico);  there  are.  in  addition,  single 
profiles  taken  at  30°S  (Australia)  and  65°N  latitude  (Alaska). 
The  profile  measurements  cover  the  altitude  range  from  14 
to  40  km.  and  are  supplemented  by  valuer,  for  the  total 
column  abundance  in  the  upper  stratosphere.  There  is  in¬ 
sufficient  data, from  which  to  di.scem  any  seasona*  vari¬ 
ability,  and  the  location  of  the  altitude  of  peak  relative 
abundance  is  not  clearly  established.  The  available  data 
cover  the  period  from  1975  to  1980. 

Alutude  Profile 

Balloon-bttme  near-infrared  absorption  spectroscopy  has 
been  used  to  obtain  vertical  proriles  covering  the  14  to  40 


km  altitude  range  (Figure  21-59).  Several  groups  of  inve.s- 
tigators  have  made  measurement;,  by  this  method,  and  ob¬ 
tained  results  w  hich  are  in  fairly  gtxxl  agreement.  In  addition 
there,  have  been  observations  made  by  pressure-modulation 
radiometry.  by  emission  spectroscopy  and  by  absorption 
spectroscopy  from  the  ground  (Figure  21-60). 

Seasonal  Variation 

Since  many  of  the  IR  absorption  measurements  of  HCI 
were  made  at  the  same  latitude  (32°  and  33°N).  it  might  be 
expected  that  any  .seasonal  trend  would  be  seen  in  this  subset 
of  the  data.  The  results,  iiowever,  do  not  show  any  variation 
greater  than  the  quoted  uncertainties  asstxriated  with  each 
measurement.  (It  should  be  mentioned  also  that  the  same 
conclusion  regarding  the  absence  of  a  seasonal  variation 
was  reached  by  Lazrus  et  al.  (I977|  from  the  base-impreg¬ 
nated  filter  measurements  of  total  acidic  chloride  vapor.) 
With  the  cuiTently  improved  precision  of  the  remote  spec¬ 
troscopic  instrumentation,  profiles  with  asswiated  uncer- 
taintie  of  perhaps  less  than  109(  can  be  anticipated  for  the 
near  future;  thus,  more  sensitive  tests  of  »he  seasonal  vari¬ 
ability  of  HCI  could  be  made,  provided  sufficient!.'  frequent 
observational  opportunities  are  available. 

21.2.8.3  Chlorine  Nitrate  (CIONO2).  The  only  specific 
detec.ion  claimed  for  CK)NO:  to  date  is  that  of  .Murcray  et 
al.  (19791  by  IR  absorption.  The  accuracy  of  the  result  is 
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Figure  21-59.  HCI  measurements  by  ( 1 1  grouml-based  spectroscopy  (June 
79  prolile).  (2)  pressure  modulatot  tadiomel;y.  (3)  far  IR 
emission,  and  (4)  in  situ  filler  collection. 

afTected  both  by  modeling  assumptions  and  by  uncertainties 
in  the  intrinsic  spectroscopic  parameters  involved  in  the 
analysis  of  the  data  (soe  below).  The  in  sim  sampling  method, 
collection  on  base  impregnated  filters  (Lazrus  et  al..  1977), 
is  sensitive  to  all  acidic  chloride  (see  HCt)  so  that  its  results 
can  only  be  used  to  provide  an  upper  limit  estimate  for 
CIONOj.  Since  the  filter  data  are  not  compatible  with  the 
IR  data  for  HCI.  they  cannot  aid  in  evaluating  the  available 
remote  sensing  data  for  CIONO:. 

The  published  values  from  Murcray’s  observations,  -n 
October  1978  balloon  Right  (see  Figure  21-61).  differ  from 
the  preliminary  values  given  in  NASA  RP  1049,  The  mea¬ 
surements  were  made  by  the  limb  absorption  method,  that 
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rigure  21-61.  Di.smbution  of  CIONO;  (Murcray  et  al..  1980). 


is,  by  observing  the  sun  through  the  atmosphere  at  sunrise 
or  sunset  from  a  stratospheric  balloon  platform.  The  strong 
infrared  absorption  by  CIONO;  at  1292  cm"'  was  used  by 
Murcray  and  his  coworkers  in  their  analysis;  this  band  co¬ 
incides  in  the  stratospheric  spectrum  with  strong  absorptions 
by  the  natural  gases.  N2O,  CH4.  and  HjO.  As  the  absorp¬ 
tions  due  to  these  constituents  increase  (i.e.,  at  the  lower 
tangents  heights  of  observation),  the  superimpo.sed  CIONO; 
absorption  is  completely  masked.  However,  even  at  the 
higher  altitudes,  where  the  CIONO;  absorption  might  be 
discernible  against  the  spectral  background,  the  ma.ximum 
expected  effect  does  not  exceed  5%  or  6%  depression  of 
the  HCI  continuum.  Thus  the  quantitative  analysis  is  de¬ 
pendent  both  on  the  spectral  model  and  on  the  quality  of 
the  experimental  data.  With  these  considerations  in  mind, 
the  published  data  may  at  best  indicate  a  possible  .specific 
identification  of  CIONO;:  the  deduction  of  a  profile  of  con-  • 
centration  with  associated  experimental  errors  of  ±25% 
does  not  seem  justified.  An  upper  limit  concentration  of 
10  ''  by  volume,  between  25  and  35  km  altitude  i„  consistent 
with  the  observational  data. 


21.2.9  Other  Halogens 

21.2.9.1  Hydrr^en  Fluoride  (HFr,  Strato.spheric  HF  has 
been  measured  by  several  different  groups  using  both  remote 
sensing  and  in  situ  techniques.  The  measurements  for  the 
most  part  have  been  made  at  different  locations  and  seasons 
and  do  not  include  a  sub-set  of  observations  similar  to  those 
for  HCI  from  which  a  most  probable  profile  can  be  derived. 
The  measurements  that  have  been  made  to  date  are  sum¬ 
marized  in  Figure  21-62. 
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Figure  21-62.  Stralo.sphi’ric  HF  profile*  fn«*asiirrfnonl». 


21.3  MESOSPHERE 

Within  (he  mesosphere,  the  concentration  of  many  of 
the  m  lOi  species  can  vary  by  orders  of  magnitude  during 
a  di"mai  cycle.  The  photochemical  time  constants  are  so 
short  that  w  '‘reme  gradients  are  found  witen  temporal  vari¬ 
ations  are  studied.  However,  it  is  still  instructive  to  consider 
a  case  such  as  Figure  21 -63a  to  indicate  the  approximate 
concentration'  under  a  particular  set  of  conditions.  Here  the 
results  from  a  time  dependent  or.e-dimensional  dynamic 
model  are  shewn  based  on  the  work  of  Keneshea  et  al. 
[19791  for  the  ca^e  of  midlatitude  noontime  conditions.  There 
are  additional  minor  species  which  are  not  shown  in  Figure 
2l-63a;  ho'yever,  these  are  of  particular  aeronomic  interest. 
The  time  constants  of  some  of  the  middle  atmosphere  minor 
species  which  are  controlled  by  chemical  lifetime  and  trans¬ 
port  are  shown  in  Figure  21 -63b  from  a  model  by  Allen  et 
al.  [1981].  Part  of  the  discussion  of  the  mesospheric  com¬ 
position  will  necessarily  overlap  into  the  legion  of  lower 
thermosphere  because  of  the  important  span  between  90  and 
120  km  where  the  atmosphere  departs  from  its  mixed  state 
to  begin  diffusive  separation.  Our  understanding  of  this 


CONCENTRATION  (em'  i) 


Figure  21 -63a.  Vertical  prt>files  of  neutral  minor  cunviitucnts  for  noon^’r’.*.  .’ondstions  at  45°N  latitude  fr^^m  time  dependent  model  calculations  (Keneshea 
el  a!..  1970j  (Krprintfd  with  p<*rnM^;;doit  from  Fi-r^^ainon  Fi<’ss  l.fu. 
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Figure  .2l-63h  A  onnpanM>n  of  the  ciicmical  lifclimcs  (dashed  line)  of 

.  middle  atmosphea*  species  and  the  Miiv.*  stales  i*'f  trans¬ 

port  due  to  eddv  diffusion  (dotted  line)  ard  molecular 
diffusion  (Milid  tine)  (Allen  ^.t  af.  I^8I| 

regii.ii  has  progres^t'd  significantly  during  the  last  10  years 
because  of  the  dc'  clopmeni  of  more  advanced  instruments 
for  rocket  in'estigat- ms  |\on  Zahn.  Ift73|.  For  conven¬ 
ience.  the  discussii  n  wdl  be  divided  into  the  following 
caiagories:  the  oxygen  constitii>  nts  tO,  .O,).  the  carbon- 
oxygen  constitiu  -’ts  I  CO.',  CO),  t*"’  hydrogen-oxygen  con¬ 
stituents  (H'O.  OH.  HO.'.  H:C..),  ;he  nittogen-oxygen  con- 
stitf'nts  (NO.  NO,'.  N;0),  the  excited  sta'c  species  (0;l'Aj,|. 
N|-0|).  the  meieo'-ic'dust.  constituents,  and  the  inett  gases 
(He.  Ne.  Ar.  Kr.  'It).  The  aetds.  halogens  and  chlorine 
coniptsund''  and  other  trace  species  have  been  discussed  in 
the  ncetion  im  the  siratospherie  species  and  these  are  less 
important  in  I'ur  current  unJersiaiiding  of  the  mesosphere. 

21.3. 1  The  Ox.vgen  Constituents 

The  atomic  o'.yge;;.  which  results  primarily  from  the 
disso.’iaiiiin  >.f  molecular  oxygen  in  the  .Schumann-Runge 
hands,  is  an  important  minor  spi-cies  in  the  mesosphere  and 
becomes  the  major  atmospheric  species  in  the  ihermospht.'e 
for  altitudes  h.’twee.i  IW)  and  7(K)  km.  The  atomic  oxygen 
ir  -he  mesosphere  is  strongly  controlled  by  transport.  Fddy 
diffusion  mixes  the  oxygen  atoms  to  lower  altitudes  where 
they  arc  lost  by  three-bod;  reactions  to  form  o/onc  in  the 
li'wer  mesosphere. 

Figures  21-Wa  and  ^l-64b  show  ihe  results  of  the  one- 
dinvnsional  time  dependent  calculations  for  atomic  oxvgen 
at  nism  and  at  midnight.  The  curves  show  the  production 
and  loss  assiK’iatcd  w  ith  (he  chemistry .  ctolecular  transport 
and  turbulent  (ransporl  of  (he  a'nmic  oxygen.  In  Figure 
21-65  (he  midlatitudc  diurnal  variation  <,f  atomic  oxygen  is 
shown  .At  altitudes  below  SO  km,  ihe  very  proncainced  lixal 
time  dependence  is  v  bsersed.  I'he  variation  vibserved  is  due 


Figure  ’l-Wa.  CompariMin  iif  Ihc  prtxJuction  (-! - 1  and  loss  terms 

( - 1  for  atomic  oxygen  at  mvn.  The  curves  are  la¬ 

beled  to  represeni  Ihe  contributions  of  clicmisiry.  C.  Ihc 
anip'Tude  of  the  molecular  (lu«  gradient.  M.  and  Ihe 
ampliiude  of  Ihe  turbulent  Dux  gradient.  T  (Keneshca 
el  al..  I97d|  'Rcprinled  with  permission  frvim  Pergamon 
Press  l.ld  C  ITO  ) 


to  the  chemistry  changes  with  the  assumed  constant  diffu¬ 
sion  profiles.  The  measurement  of  atomic  oxygen  in  the 
mesosphere  requires  use  of  rather  complicated  techniques 
because  of  its  highly  reactive  properties  and  the  influence 
of  the  measuring  instrument  in  the  relatively  high  pressure 
of  the  mesosphere.  Mass  spectrometers  in  this  region  must 
be  cryo-punipcd  to  reduce  the  gas  collisions  within  the  an¬ 
alysing  lield.  The  techniques  which  have  been  used  include 
mass  spectrometers  IPhilbriek  et  al..  197.5;  Offermann  and 
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l-'ijiure  2!  -Mh.  Omip;niM>n  ot  the  .hkI  Ifsb  terms,  in  the  ehem- 

kal  niixlcl  tt‘r  alomiv-  y’WL’cn  at  niulnrjln  Hk'  KjhcK  arc 
the  NauK'  av  in  (ai  (Koncsfioa  ct  al  .  !V“^i  (RcprrnicJ 
vkith  pv’rmiV'M'n  tn'in  IVrcamim  IVcns  l.u!  '  > 
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solar  zenith  angle 

Figure  21-65.  Diurnal  variation  of  atomic  oxygen  between  50  ami  90  km 
fnmt  model  calculations  (Keneshea  cl  al  .  |979|  (Reprinted 
with  permi'sion  from  Pergamon  Press  Ltd.  L  1979  ). 


io"  io" 

Maximum  0  Number  Oer^Oy'  Icnf^l 


Figure  2 !  -  ^  Atomie  i>\>gen  laser  fvak  denvits  vs {)  layer  cor.tent.  Laser 
e<»nieni  \<  represented  os  the  e\»lumn  dencus  up  !*>  1 10  km. 
Ditlerent  measuring  techniques  of  l(-»  ri»eket  Mights  jtv  in- 
UK. lied  hs  diOereni  s\niHols  M«*del  values  from  I’SS.-X 
are  giseii  lor  eompaiison  and  the  straight  line  is  at 
4s  Idemilu  aiion  nuniKTs  in  s*  ml-H>|s  are  Jeserihed  in 
oriein.i*  lest  iOMerm.ion  ei  al  .  iRepr'nled  with  pet- 

misvioii  Horn  Perg.imon  I’ress  Ltd  •  l‘Mll  i 


Grossmann.  197.^:  Arnold  and  Krankowsky.  I977|.  pho¬ 
tometers  for  5517  A  emiNsion  jOandekar.  1972;  Offermann 
and  I>escher.  197.^|.  sib  er  tilni  oxidation  |Henderson.  1971 ). 
resonance  lluorescenee  |Dickinson  et  al..  1974;  Mowlctt  et 
al..  1980|.  NO  eheniilumineseenee  |Golomb  and  Good. 
I972|., atomic  absorption  (Dickinson  et  al..  1974).  and  from 
hydroxvl  airglow  (GchhI.  1976).  A  study  of  the  existing  data 
by  Offermann  et  al.  1 1981 1  has  shown  a  strong  correlation 
of  the  atomic  oxygen  colunm  density  between  80  and  120 
km  with  the  measured  peak  density.  This  correlation  (see 
Figure  21-66)  is  quite  giHxl  considering  the  large  variability 
which  is  observed  in  the  individual  profiles  shown  in  Figure 
21-67.  The  oxygen  profile  is  strongly  affected  by  the  trans- 
pHirt  properties  at  a  given  time.  The  fact  that  a  large  am¬ 
plitude  variation  that  may  be  expected  due  to  eddy  diffusion 
was  shown  in  the  study  of  Keneshea  and  Zimmennan  1 1970). 
Offermann  et  al.  ( 1981 1  also  pointed  out  the  anti-correlation 
of  the  argon  and  atomic  oxygen  behavior  which  is  expected 
witn  changes  in  the  eddy  diffusion.  Most  of  the  measure- 


80  90  XX)  tio  120 

Altitude  (km) 


Figure  2 1-^7  Momic  oxygen  nuniK*r  dcnsilx  pn*tiles  as  obtained  fnim 
16  in  situ  measurements  Results  from  different  meas¬ 
uring  techniques  are  grouped  together  ishaded  are  'si  and 
.  refer  U'  ^  different  densilv  sv  alcs  I'SS.A  1^76  model  profile 
IS  given  for  comparison  with  each  oi  the  }  gn'ups  Profile 
idenlilie'jtion  numbers  arc  given  in  original  text  jOfferinann 
el  al  .  IWX||  iKeprmted  with  p.ninsMon  from  Perganum 
Press  I  Id  ‘  IMHI  i 
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Figure  21-68.  Comparison  of  computed  species  profiles  ffir  turbulent  dif- 
fusivities  K  and  K  (solid  dashed  curves)  with  measured 
profiles  for  O  (squares).  O.-  (triangle).  N;  (circles).  Ar 
■  (crosses),  and  Oq  'A,)  (dots)  for  the  ALADDIN  I  program 
IKeneshea  et  al..  1979).  (Reprinted  with  permission  from 
Pergamon  Press  Ltd  6  1979  ) 


ments  of  atomic  oxygen  show  the  iaegular  structure  in  the 
altitude  region  between  90  and  1 10  k.-n  due  to  the  turbulent 
layers  in  that  region.  The  calculations  of  atomic  oxygen  in 
a  time-dependent  transport  model  also  show  irregulanties 
in  this  region  where  the  eddy  diffusion  profile  is  irregular. 
An  example  of  this  structure  is  observed  in  the  measurement 
and  model  calculations  for  the  ALADDIN  I  experiment 
shown  in  Figure  2l-6«.  The  series  of  ALADDIN  (Atmos¬ 
pheric  Layering  An  '  Oen.sity  Distribution  of  /ons  and  A'eu- 
trals)  experiments  and  models  have  provided  some  of  the 
most  important  foundation  for  our  current  understanding  of 
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Figure  21-69  Mndel  culcukitions  for  (he  o7onf  pnxJuction.  and  loss  for 
inidnigh!  midiatitudes  The  label  C  represcnis  chemistry 
effects.  M  represents  molecular  transp*rt.  and  T  represents 
turbulent  transport  (Kene^heaet  a!..  1979).  iRcprinfed  with 
permission  from  Pergamon  Press  Ltd  1979.) 


SOtAR  ZENITH  ANGLE  (dtq) 

Figure  21*70.  The  mode)  calculation  of  the  diurnal  variation  of  the  Oi 
(Keneshea  et  al..  1979).  (Reprinted  with  permis.sion  from 
Pergamon  Press  Ltd.  ©  1979.) 


the  middle  atmosphere  properties  ahd  therefore  several  of 
those  results  are  used  for  illustration. 

Model  calculations  for  the  ozone  productioh  and  loss 
for  miclnight  at  midlatitudes  is  shown  in  Figure  21-69.  The 
diurnal  variation  of  the  0»  is  shown  in  Figure  21-70.  The 
measurements  of  ozone  have  been  refined  and  both  in  situ 
and  remote  sensing  techniques  have  provided  accurate  re¬ 
sults  in  the  stratosphere.  However,  there  are  relatively  few 
measurements  of  the  ozone  iil  the  mesosphere.  A  compar¬ 
ison  of  phototr.eter  measurements  and  model  calculations  is 
shown  in  Figure  21-71. 


21.3.2  Carbon-Oxygen  Constituents 

The  atmospheric  carbon  dioxide,  COi,  and  its  dissocia¬ 
tive  product.  CO.  are  very  important  species  for  the  role 
they  contribute  to  the  radiation  balance  and  thermal  structure 
of  the  middle  atmosphere.  The  CO2  molecules  are  also  im¬ 
portant  in  some  of  the  chemical  reactions  for  formation  of 
the  negative  ion  species  of  the  D  region.  In  Figure  21-72. 
the  results  of  a  calculation  by  Hays  and  Olivero  [1970]  are 
shown  for  the  CO.  dissociation  and  transport  by  eddy  dif¬ 
fusion.  The  various  curves  represent  two  extremes  for  the 
recombination  and  a  range  of  eddy  diffusion  values.  The 
fact  that  the  CO?  remains  near  ground  level  mixing  ratio 
values  for  altitudes  up  to  the  turbopause  has  been  substan¬ 
tiated  by  measurements  shown  in  Figure  21-7.1.  Trinks  and 
Fricke  [  1978)  pointed  out  that  in  addition  to  solar  dissocia¬ 
tion,  the  CO:  concentration  at  higher  altitudes  is  also  con- 
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Figure  21-7!.'  Comparisdn  of  photometer  mea.surements  and  model  calculations  of  ozone  (Weeks  et  al.,  1978). 


trolled  by  loss  from  an  ion  molecule  reaction  with  O*  .  The  molecule  reaction.  The  CO2  emission  in  the  15  (im  and  4.3 

calculations  of  the  CO;  and  CO  behavior  in  the  mesosphere  p.m  bands  has  also  been  measured  by  rocket-borne  IR  spec- 

and  thermosphere  require  solution  of  the  time-dependent  .  trometers.  Stair  et  al.  1 19751.  The  measured  IR  signal  results 
transport  equations  with  appropriate  considerations  of  the  from  a  combination  of  the  contributions  of  the  CO;  con- 

phot(xliss(K'iaiion,  diffusion  tiansport  and  loss  by  the  ion  centration  and  the  temperature. 
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well  as  certain  other  minor  species,  is  from  the  ion  com¬ 
position  in  the  D  region  when  the  temperature  is  known  aud 
the  laboratory  measured  rate  constants  are  used,  Ramseyer 
et  al.  1 1983|.  Kopp  and  Philbrick  1 1983).  The  HjO reactions 
in  the  mesosphere  are  not  as  simple  as  would  be  inferred 
in  Figure  2 1 -75,  but  in  fact  include  several  of  the  other 
minor  species  as  indicated  in  Figure  21-79. 


21.3.4  The  Nitrogen-oxygen  Constituents 
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The  nitric  oxide  concentration  in  the  mesosphere  is  pri¬ 
marily  responsible  for  the  formation  of  the  D-region.  This 
results  from  solar  Lyman-  a  radiation  ionization  at  low 
altitudes  within  a  window  of  the  O2  absorption.  The  NG 
production  rate  increases  dramatically  during  periods  of  par¬ 
ticle  ionization.  Figure  21-80  shows  the  nitric  oxide  pro¬ 
duction  rate  associated  with  some  particle  events.  The  model 
calculations  of  Bmsseur  [1984]  for  the  verticle  flux  of  nitric 
oxide  in  the  mesosphere  arc  shown  in  Figure  21-81.  Figure 
21-82  shows  the  meridional  distribution  of  nitric  oxide  which 
is  consistent  with  the  vertical  flux  shown  in  Figure  21-81 


no  ito 

HEIGHT  (  Km) 


Fi^iure  2I-7.V  Calculated  and  measured  n(CO.'|/n<  Ar)  ratio  for  three  zenith 
anodes.  Data  are  fn>m  t(te  souixes  indicated  Day-nigh*  dif¬ 
ferences  are  expected  due  to  solar  disMKiation  of  CO:  and 
due  to  an  ion  chemistrx  .reaction  with  0* . 


21.3.3  Hydrogen-Oxygen  Constituents 

The  hydriigen  constituents  are  important  in  many  of  the 
chemical  prtKesses  in  the  middle  atmosphere.  Figure  21-74 
provides  an  overs  iew  of  the  important  photcK'hemistry  and 
transport  involving  the  hydrogen  constituents.  The  H.,Oron- 
centnition  leads  to  the  formation  of  H  and  OH  which  in  ‘um 
react  with  O.  0_'.  aiid  O,  as  indicated  in  Figure  21-7.5.  The 
oxygen  chemistry  in  the  mesosphere  is  strongly  tied  to  the 
hydrogen  coneentmtion  through  reactions  with  OH  and  H-O. 
In  Figure  21-76  the  differences  between  the  steady  state 
photiKhemical  calculations  and  the  time  dependent  calcu¬ 
lations  for  O.  ILO.  and  H  arc  shown  for  noon  niidlatitude 
conditions.  This  example,  from  the  Keneshea  et  al.  (1979) 
mcxlel.  emphasizes  the  importance  of  the  time  dependent 
calculations  for  the  mesospheric  processes.  The  HjO  in  the 
mesosphere  participates  in  another  important  process,  the 
fomiation  of  the  veater  cluster  ions  which  are  the  dominant 
positive  and  negative  Ion  species  of  the  lower  D  region. 
The  mixlel  ealeulations  of  the  diurnal  variations  of  OH  and 
H  arc  shown  in  Figures  21-77  and  21-78  The  question  of 
the  mixing  ratio  of  ihe  H-0  which  is  appropriate  to  various 
mesosphere  conditions  is  yet  to  be  answered  One  of  the 
ways  of  mferring  the  possible  concentrations  of  H^O.  as 
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Figure  21-74.  PhoitK'hcmistn  anj  tran'^pori  of  hydrogen  constituents 
(after  Strobe!.  19721. 
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Figure  2t-75.  Principal  reactions  in  v^hich  H.  OH.  and  HO>  arc  involved 
with  O  and  ()«  latter  Sirobcl.  1972). 


Figure  21 -76  Hvdroxyt  radical  vanaiion  from  the  time  dependent  ithkIcI 
(Keneshea  et  al  .  I979j  (Reprinted  vnth  pem.isskm  fmm 
PcrganK>n  Press  Ltd  <  19791 
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Figure  2  ■■  *^7  The  steads  stale  proliics  filashed  curses!  and  the  niMjntiine 
prnhles  iM>lid  cursc>l  taken  from  the  las*  solution  da\  of 
the  tmie-de|>cm,Ien!  calculations  lor  the  species  <).  H.  and 
H'O  IKeneshea  et  al  .  !979j  tRepnntcd  ssilh  permission 
tr«>m  Pergamon  Press  l  td  ^  1979  \ 


Figure  2 1  -7X.  Atoniie  hydrogen  variation  frtun  tK*  tinw-dependent  mixiel 
IKeneshea  el  al,.  19791.  (Reprinted  with  pcmiissi  m  from 
PcrgainiHi  Press  l.ld.  ^  1979.1 


(based  on  Ebel  1 1980]).  The  meridional  distribution  of  NO 
shown  in  Figure  2 1  -83  is  in  better  agreeme.  •  with  the  meas¬ 
urements  of  NO  profiles  and  results  from  a  better  choice  of 
the  eddy  diffusion  coefficient.  The  result  emphasizes  again 
the  important  role  of  the  dynamics  in  the  mesosphere.  In 
Figure  21-84.  the  steady-state  concentrations  of  ON  (mean 
odd  nitrogen  -  all  nitrogen  other  than  N.),  N(^S),  and  the 
fractional  abundance  of  NO  relative  to  odd  nitrogen.  The 
important  reactions  in  the  odd  nitrogen  constituents  in  the 
atmosphere  are  shown  in  Figure  21-85. 

21.3.5  Meteoric  and  Dust  Constituents 

The  resonance  fluorescence  dayglow  emission  of  several 
of  the  meteoric  debris  species,  such  as  sixiium  and  lithium. 
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Figure  21  HO.  loMiintancous  nitric  oxide  production  riiics  for  Guluciic  Cosmic  R;iy  (OCR)  (:it  Mdur  maximum  and  minimum).  Solar  Proton  Events  (SPE) 
(July  12.  I%l .  F'chruary  25.  I%9,  August  4.  197]  ^  and  oxidation  of  nitriHis  oxide  summer.  KO^  summer.  and  Johnston  ct  al.  ( I979| 
'  at  6()*  summer  IJackman  ct  ai  .  I9K()|) 


WMTro  VlMMfX 

Figure  21-XI.  Meridional  distrihurnm  of  the  vertical  flux  of  nitric  oxide 
based  upon  the  exhangc  citefffticients  suggested  by  Ehel. 
1980  IBrasseur  I984| 


NITRIC  OXIDE  concentration  (cm'^ 


Figure  21-82.  Meridional  distribution  of  nitric  oxide  consistent  with  ilk 
ftux  values  .if  Figure  21  85  [Brasseur.  1984). 


has  been  monitored  for  many  years.  The  ions  of  iron,  mag¬ 
nesium,  aluminum,  calcium,  etc.  have  been  often  measured 
and  found  to  represent  an  almost  continual  input  of  the 
meteoric  species  to  the  upper  atmosphere.  Sodium  and  other 
specks  have  been  measurKi  by  LIDAR  techniques  by  groups 
in  France  |Megie  et  al..  1978)  and  the  U.S  (Richter  et  al., 
1981 1.  The  results  of  the  sodium  calculations  from  a  model 
by  Kirchoff  et  al.  11981)  are  shown  in  Figure  21-86.  The 
meteoric  and  volcanic  dust  injected  into  the  atmosphere  is 
iinpor.ant  in  several  areas.  The  dust  can  serve  as  a  nucleation 


Figure  21  83.  Impnived  model  calculaflon  for  the  nitric  oxide  mcridioiial 
distribution  by  better  choice  of  the  dynamical  properties  in 
the  calculation  IBrasseur.  1984). 
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hv  Nj*.  anJ  Na,  is  fhc  average  measured  profile  sh<iun 
tor  comparison  IKirehhoft  cl  al  . 

Figure  2!*88  lime  dcpender''e  caleulafed  from  one-dimensional 


nuxici  IKencshea  el  a)..  1979}.  (Reprinted  with  permission 
fmm  Pergamon  Press  Ltd.  C-  1979.) 


conter  for  partical  growth,  possibly  important  in  develop¬ 
ment  of  ntx'tilucent  clouds,  or  may  be  the  source  for  species 
which  can  have  significantly  longer  lifetimes,  such  as  the 
meteoric  ion  lifetimes  which  are  important  in  the  formation 
of  sporadic  E  layers. 


21.3.6  The  Inert  Ga.ses 

The  nobcl  gases  provide  the  opportunity  trf  studying  the 
effects  of  transport  w  ithout  the  complications  of  the  chem¬ 
ical  prtKcsscs  which  also  affect  most  species.  The  region 
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l  ictirc  21  S'"  \iiihKt  dcuMts  r.itio'  -'I  .irgon  iind  nitrogen  \n  aiifiiKlc. 
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t»rigin,i!  tc\i  lOllcrm.inn  1‘^SIl  (Rcpnnlcd  with  {vmiis- 
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near  l(K)  km  is  of  particular  interest  because  of  the  turbo¬ 
pause  or  ce,ssation  of  mixing  of  the  species.  This  region  is 
particularly  important  when  attempting  to  model  the  ther¬ 
mosphere  because  of  the  effect  on  the  distribution  of  the 
species.  Figure  21-87  shows  a  summary  of  the  published 
Ar/N;  ratios  in  this  region.  The  structure  in  the  profiles 
indicates  that  the  transition  to  molecular  diffusion  is  not 
sm»HMh,  but  is  rather  complicated  by  a  region  of  alternating 
laminar  and  turbulent  layers  with  rather  strong  peaks  in  the 
eddy  dif  fusion.  Argon  is  probably  the  most  important  of  the 
inert  species  because  it  provides  a  good  tracer  for  the  tran¬ 
sition  from  mixed  to  diffusive  regions,  it  is  also  the  "ther¬ 
mometer”  in  determiiiing  the  temperature  structure  in  the 
lower  thermosphere 


21.5.7  Excited  Species 

Several  species  ia  excited  states  deserve  special  consid¬ 
eration  because  of  the  pronounced  effect  that  they  have  in 
the  mesospheric  chemistry.  Two  of  the  nurst  interesting  are 
and  Nt'D).  The  provides  an  important  source 

of  ionization  in  the  I)  region  because  of  its  higher  energy 
state.  In  Figure  21:88  the  mode!  calculations  of  the  temporal 
variation  of  the  O-t'A..)  am  shown.  Figure  21-89  shows  a 
errmparison  of  several  riKkel  Might  measurements  with  imxlel 
calcutations  of  the  ();('Ag).  Nieasurements  of  the  neur-IR 
emission  .iss<x-iated  w  ilh  this  species  are  useful  to  infer  some 
properties  of  the  mesospheric  chemistry  because  it  is  in- 
vol\cd  in  the  ()  and  O,  retiction  schemes. 
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Figure  21X9.  Coniparlsun  of  cal'  ulaled  '  ith  observed  altitude 


21.4  IONIZED  CONSTITUENTS 
21.4.1  Overview 

The  ionosphere  is  created  mainly  by  the  absorption  of 
solar  ultraviolet  and  x  ra;  radiation  in  the  earth’s  upper 
atmosphere.  Hence,  the  initial  ions  are  formed  i"*  some 
proportion  to  their  respective  neutral  parent  populations. 
TliC  atmosphere  is  composed  primanly  of  Ni  and  O;  below 
l()0  km.  the  homosphere,  where  the  atmospheric  gases  are 
generally  well-mixed  Above  this  altitude,  in  the  hetero¬ 
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pmtilcs  of  |aftcr  Evans  and  Llewellyn.  19'^0), 


sphere,  v'hich  virtually  coincides  with  the  thermosphere, 
atomic  oxygen  rapidly  becomes  a  major  constituent  with 
increasing  altit  le  and  is  the  dominant  species  above  about 
no  km.  deptending  upon  thermospheric  expansion  due  to 
solar  activity.  A  fairly  linear  relationship  exists,  for  ex¬ 
ample.  between  solar  radiation  monitored  at  10.7  cm  and 
thermospheric  temperature  jNicolet.  1963]. 

The  fact  that  the  principal  thermospheric  species  is  atomic 
above  a  certain  height  has  profound  implications  with  re¬ 
spect  to  absolute  electronic  and  ionic  concentrations.  The 
ionosphere  is  basically  a  weak,  neutral  plasma,  that  is.  the 
total  positive  ion  concentration  equals  the  electron  plus  the 
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total  negative  ion  concentration.  (Negative  ions  are  impor¬ 
tant  only  in  the  D  region,  below  90  km.)  Ionization  is 
depleted  when  oppositely  charged  particles  recombine. 
However,  the  rate  coefficient.  ~  lO"'-  cm'  s',  for  (radiative) 
recombination  between  atomic  positive  ions  and  electrons, 
particularly  O*  +  e  — *  O  +  hv  where  hv  represents  a  pho¬ 
ton.  is  five  orders  of  magnitude  slower  than  the  (dissociative) 
recombination  rates  of  common  ionospheric  molecular  ions 
like  O2*  and  NO* .  These  vastly  different  loss  rates  are  the 
main  reason  that  the  maximum  electron  tor  total  positive 
ion)  concentration  of  the  F  region,  approximately  10*  cm*', 
nominally  occurs  near  300  km,  even  though  the  maximum 
photoionization  rate  is  near  1 50  km,  the  base  of  the  F  region. 
This  region  contains  the  overwhelming  bulk  of  the  total 
ionospheric  charged  particle  content.  This  peak  altitude  is 
a  function  of  latitude,  solar  activity,  plus  chemical  and  trans¬ 
port  loss  processes.  Above  the  peak  of  the  F  layer,  ions  are 
lost  mainly  by  transport  to  lower  altitudes.  Below  the  F 
layer  maximum,  ionization  is  depleted  largely  by  ion-mol- 
"ecule  reactions  between  d  *  ions  and  O2  and  N,  which  create 
O2*  and  NO*  ions,  respectively.  These  diatomic  ions  re- 
combine  rapidly  witn  electrons. 

The  E  region,  nominally  90  to  150  km.  is  co...prised 
mainly  of  Oi  *  and  NO*  ions.  A  -najority  of  the  initial  ions 
created  by  the  absorption  of  solar  x  rays  and  EL'V  radiation 
in  this  region  are  N2  *  ions,  which  react  rapidly  with  O2 
and  C  at  these  altitudes  to  form  O,*  and  NO*  ions.  Some 
O;  *  ions  are  formed  directly  from  the  solar  ionization  of 
O2.  Depending  upon  the  relative  electron  and  NO  concen¬ 
trations.  a  signficant  fraction  of  O2  *  ions  may  undergo 
charge  transfer  with  NO  to  form  NO*  ions.  The  E  region 
frequently  is  enhanced  by  precipitating  kilovolt  electrons  at 
high  latitudes,  an  energy  (and  hence  altitude)  regime  com¬ 
mon  to  auroral  ionization.  The  transport  of  ionization  gen¬ 
erally  is  unimportant  in  the  E  region  where  the  lifetime  of 
molecular  ions  is  rather  short,  roughly  3  x  lO^/lel  s,  where 
|e|  is  the  electron  concentration  in  cm  '.  An  important  ex¬ 
ception  iKcurs  when  atomic  (meteoric  metal)  ions  are  pres¬ 
ent  and  the  wind  fields  are  favorable  with  respect  to  the 
creation  of  a  sporadic  E  layer,  a  thin  layer  (2  km)  of  ion¬ 
ization  that  can  attain  ionic  (electronic)  concentrations  ex¬ 
ceeding  10*  cm“'  in  contrast  to  typical  daytime  midlatitude 
concentrations  of  I  to  2  x  10'  cm"'. 

The  smallest  portion  of  the  ionosphere  is  the  D  region, 
roughly  50  to  90  km.  It  contains  less  than  0. 1  “Ih  of  the  total 
ionospheric  charged  particle  content.  This  region  acts  as  the 
upper  boundary'  of  the  earth-ionospheric  wave-guide  for  LF 
and  VLF  electromagnetic  radiation.  In  addition.  HF  and 
VHF  electromagnetic  waves  may  suffer  attenuation  since 
the  electron-ncuiral  collision  frequency  is  greatest  in  this 
lowest  portion  of  the  ionosphere  because  of  the  high  neutral 
concentrations.  This  attenuation  is  minimal  for,  the  normal 
quiet  D  region  which  has  a  daytime  maximum  electron 
concentration  of  about  10' cm  '  near  80  km.  However,  solar' 
Hares  may  produce  greatly  enhanced  x  ray  radiation  below 
10  A  which  can  increase  electron  concentrations  by  10  fold 
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or  more,  creating  an  SID  (sudden  ionospheric  disturbance) 
lasting  10  to  20  minutes.  At  higher  latitudes,  precipitating 
protons  (sometimes  accompanied  by  energetic  electrons) 
associated  with  a  solar  proton  event  (SPE)  pfoduce  an  en¬ 
hanced  D  region,  which  in  the  SPE  case,  spreads  out  over 
the  entire  polar  cap  and  may  last  several  days.  An  SPE  may 
be  intense  enough  to  blackout  HF  transmissions  and,  there¬ 
fore.  is  known  also  as  a  polar  cap  absorption  (PCA)  event. 

The  D  region  is  the  most  complex  part  of  the  ipnosphere 
from  a  chemical  standpoint.  Neutral  concentrations  are  suf¬ 
ficiently  great  to  permit  three-body  processes  to  be  impor¬ 
tant.  Complex  hydrated  ions  are  observed,  mainly  hydron- 
ium  tons,  H.^O*  •  (H20)„,  even  though  the  initial  ion  formed 
in  the  quiet  D  region  is  apparently  NO*  which  arises  from 
the  ionization  of  a  minor  gas,  nitric  oxide,  by  the  strong 
solar  radiation  line.  HLya.  For  the  disturbed  D  region, 
where  the  initial  ions  are  formed  roughly  in  proportion  to 
their  neutral  concentrations.  Oi*  ions  essentially  are  the 
only  initial  positive  ions  since  N2*  ions  very  rapidly  undergo 
charge  transfer  with  O2  at  these  altitudes.  The  effectiveness 
of  three-body  processes  in  the  D  region  also  allows  for  the 
formation  of  negative  ions  since  the  attachment  rate  of  an 
electron  to  a  molecule  in  a  two-body  collision  is  very  slow. 
The  negative  species  in  the  D  region  are  ihainly  ionic  below 
about  70  km  by  day  and  80  km  at  night.  Galactic  particles 
maintain  a  constant  ionization  production  rate  of  signifi¬ 
cance  to  the  lower  D  region.  <  65  km,  and  the  stratosphere. 
A  nominal  midlatitude  rate  (cm''  S"')  is  10^'’  times  the  total 
neutral  concentration.  |M1,  in  cm''.  The  cosmic  ionization 
rate  varies  with  latitude,  being  a  factor  of  10  higher  at  the 
pole,  and  weakly,  about  a  factor  of  two,  with  inverse  solar 
activity  (Swider.  1969).  Ionization  of  air  (78%  N2.  21% 
O2)  by  e.nergetic  particles  leads  to  ah  ionic  production  rate 
relatively  distributed  ISwider,  1969)  as  62  :  17  :  14  :  07  for 
N’*  :  02*  :  N*  ;  O*  where  the  atomic  iona originate  from 
dissociative  ionization. 

At  night,  as  already  noted,  galactic  cosmic  rays  maintain 
a  weak  ionization  in  the  low  D  region  and  stratosphere.  Elec¬ 
trons  have  a  feeble  presence  in  the  upper  D  region  above  about 
50  km  as  a  result  of  solar  HLya  arid  HLyP  radiation  which  is 
transported  to  the  nightside  of  the  earth  through  scattering 
processes  within  the  hydrogen  geocorona.  Ionization  main¬ 
tained  by  the  absorption  of  this  radiation  is  a  maximum  in  the 
E  region  and  prevents  nighttime  ionic  concentrations  from 
decreasing  below  about  10'  cm"'.  Along  the  auroral  oval,  the 
nighttime  (or  daytirhe)  E  region  can  attain  and  even  exceed 
normal  midday,  midlatitude,  concentrations.  The  high  lati¬ 
tude  D  region  is  also  susceptible.  Simple  formulas  are  avail¬ 
able  to  describe  the  total  ion  and  electron  profiles  in  the  SPE- 
dixturbed  nighttime  D  region  |Swideret  al.,  1971 ).  The  elec¬ 
tron  concentration  formula  is 


where  ao  =  6  x  10"’  cm'  s  ',  q  is  the  total  ionization 
production  rate  and  L(A)  =  k,  I02l'  +  kn  IO2I  IN:);  the 
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bracketed  terms  refer  to  molecular  concentrations  in  cm~^ 
andki  =  1.4  x  10"^  (300/T)  exp  (-600/T)  cm*  s’’ with 
k2  =  lO"’’  cm*  s"'  [Phelps,  i%9).  Weak  x  ray  and  UV 
stellar  sources  of  ionization  (Gough,  1975]  also  may  con¬ 
tribute  to  the  ionization  of  the  nighttime  E  and  D  regions. 
But,  for  MF  and  HF  transmissions  these  nighttime  legions 
are  practically  nonexistent  except  at  high  latitudes  when 
disturbed  and  whenever  sporadic  E  layers  are  prominent. 

The  F  layer  decays  slowly  at  night  since  O  ^  ions  cannot 
effectively  recombine  with  electrons  except  through  trans¬ 
port  to  altitudes  below  about  250  km  where  there  is  sufficient 
O2  and  Ni  to  form  O2*  and  NO*,  respectively,  which 
(dissociatively)  recombine  rapidly  with  electrons.  This  ac¬ 
tion  can  be  virtually  stopped  in  its  entirety  by  horizontal 
winds,  and  especially  at  the  equator,  electromagnetic  drift 
mechanisms  which  can  elevate  the  entire  layer  [Rishbeth, 
1968).  Little  scattered  solar  radiation  is  present  in  the  night¬ 
time  F  layer  save  for  some  He  lines. 

21.4.2  Positive  Ion  Distributions 

Figure  21-90  is  a  composite  picture  [Narcisi,  1973]  of 
the  E  and  F  regions  during  solar  minimum  when  the  F  layer 
maximum  has  a  relatively  low  height,  about  250  km.  The 
data  were  taken  from  Hoffman  et  al.  [1969]  for  altitudes 
above  250  km,  from  Holmes  et  al.  [1965]  for  altitudes  250 
to  1 15  km,  and  from  Narcisi  [1968]  for  altitudes  below  I  IS 
km.  Atomic  oxygen  ions  clearly  are  the  major  ions  in  the 
F  region.  Molecular  ions  NO*,  O2*  and  N2*  decline  rap¬ 
idly  with  increasing  altitude  in  the  lower  F  region  because 
of  their  short  lifetimes  in  the  presence  of  large  quantities  of 
electrons  and  their  decreasing  production  rate  with  altitude, 
either  being  formed  directly  by  the  ionization  of  the  neutral 
gas  (N2  * ,  O2  * )  or  partly  (O2  * )  or  completely  (NO  * )  ftom 


Figure  21-90.  Ion  composition  of  the  midlatitude  daytime  ionosphere  near 
solar  mtni.mum  [Narcisi.  1973]. 


ion-molecule  interactions.  The  ions  N2*  and  N*  are  de¬ 
pleted  rapidly  below  2(X)  km  because  of  fast  reactions  with 
O2  (N*,  N2*)  and  O  (N2*).  The  N*  ion  originates  from 
the  dissociative  ionization  of  N2  [Nicolet  and  Swider,  1963]. 
The  H2O*  ions  are  contaminents  arising  from  the  process 
O*  +  H2O— »H20*  +  O.  Water  outgasses  profusely  from 
rockets  and  satellites  although  the  latter  “dry  out”  afrer  sev¬ 
eral  days.  In  the  upper  F  region.  He*  and  H*  ions  are 
observed  since  He  and  H  are  present  at  great  altitudes  in 
the  thermosphere.  A  few  doubly  charged  ions  are  created 
by  solar  radiation  and  tj-e  observed  in  the  high  F  region 
where  low  neutral  concentrations  prevent  their  immediate 
disappearance  by  means  of  ion-molecule  reactions. 

Typical  nighttime  Z  and  F  regions  are  shown  in  Figure 
21-91  [Narcisi,  1973].  Data  above  200  km  were  taken  from 
Hoffman  (1%7);  data  from  220  to  140  km  ate  from  Holmes 
et  al.  [I%5];  and  results  below  140  km  ate  from  Narcisi 
[1971]  with  dashed  curves  from  Giraud  et  al.  [1971].  Me¬ 
teoric  ions  are  omitted.  The  depth  of  the  valley  near  150 
km  is  quite  varible  as  are  many  of  the  features  in  the  figure 
including  the  peak  concentrations  of  the  E  and  F  layers. 
The  O*  ion  remains  the  major  F  region  ion.  However, 
hydrogen  ions  are  now  more  prominent.  This  feature  arises 
roughly  because  of  the  absence  of  solar  radiation  and  be¬ 
cause  the  reaction  H*+Os=»0^  -l-His  virtually  ther¬ 
moneutral.  Figures  21-90  and  21-91  represent  midlatitude 
conditions.  The  equatorial  situation  is  not  too  different,  but 
the  high-latitude  ionosphere  does  have  two  striking  features 
(see  discussion  by  Narcisi  [1973]):  (1)  a  persistent  light  ion 
trough  in  H*  and  He*  with  the  fonner  ion’s  concentration 
declining  by  1  to  2  orders  of  magnitude  near  ±60°  geo¬ 
magnetic  latitude,  and  (2)  a  variable  poleward  peak  of  ion¬ 
ization.  There  are  a  number  of  other  features  such  as  a  winter 
bulge  in  He  * . 

The  E  region  is  the  easiest  portion  of  the  ionosphere  to 


Figure  21-91.  Ion  composition  of  the  midlatitude  nighttime  ionosphete 
(Narcisi.  19731. 
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assess  since  the  transport  of  ionization  is  unimportant  except 
foi  sporadic  H  layers  and,  perhaps  at  night,  when  charge 
concentrations  aic  low  (ion/electron  lifetimes  long).  A  model 
of  the  midlatitude  Eregion  jKenesheactal..  1970]  has  been 
available  for  over  a  decade.  In  Figure  21-92.  model  electron 
ronccntrations  arc  plot'ed  for  selected  altitudes  as  a  functio  . 
of  solar  zenith  angle,  the  angle  between  the  sun  and  t  le 
l(Kal  vertical  cixirdinate.  Since  the  calculations  origiuaily 
were  performed  to  match  twilight  ionic  comp jsition  data 
for  Eglin  AFB  in  Florida,  the  minimum  solar  zenith  angle 
was  about  22°.  The  accon.panying  figure  (21-93)  illustrates 
the  ratio  of  the  two  major  ions.  NO*  and  Oj*".  The  ratio 
is  about  unity  for  most  altitudes  in  the  daytime,  but  quite 
large  at  night.  This  behavior  is  dependent  upon  the  quantity 
of  nitric  oxide  present  in  the  E  region  for  the  conversion  of 
0-*  ions  into  NO*  ions  through  charge  exchange. 
Oj*  +  NO  — ♦  NO*  -I-  O;.  In  the  daytime,  many  of  the 
O:  *  ions  recombine  with  electrons  before  charge  transfer 
can  occur.  The  much  lower  electron  concentrations  at  night 
make  the  charge  transfer  process  relatively  more  effective, 
and  hence  |NO  ‘  )/|0:  ‘  1  greater.  Strobel  et  al.  1 1974]  cal¬ 
culated  the  nighttime  E  region  using  a  more  detailed  picture 
of  scattered  HLya  and  Hl^yp  as  a  function  of  solar  position. 
However,  the  nighttime  E  region  generally  is  quite  variable 
because  of  electromagnetic  drift,  sporadic  E  layer  forma¬ 
tion.  and.  at  the  higher  latitudes,  electron  precipitation, 
which  apparently  is  a  function  of  Kp.  the  geomagnetic  plan¬ 
etary  three-hour  range  index  (Voss  and  Smith,  1980).  Figure 
21-94  depicts  a  nighttime  sporadic  E  layer  having  a  peak 
electron  concentration  of  10'*  cm  '  near  90  km.  The  principal 
meteoric  ions  in  the  layer  are  Fe  *  (56  amu)  and  Mg*  (24 
amu)  with  lesser  amounts  of  Ca  *  (40  amu)  ions.  The  normal 
E  region  ions  are  O- '  (32  amu)  and  NO*  (30  amu).  The 
ion  with  mass  37  amu  represents  H(0*-H:!0,  a  D  region 
ion,  in  general,  intense  sporadic  E  (fE,  >  5  MHz)  is  most 
likely  during  daytime  midlatitude  summer  [Smith  and  Mat¬ 
sushita.  1962). 
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Figune  21-93.  Dirunal  model  of  quiet  E  re -ion  positive  ion  ratio  [NO*/02  ‘ ) 
at  iltitudes  from  85  to  |a0  km  [Keneshea  et  al..  19  ■'). 


The  importance  of  transport  is  evident  in  Figure  21-95 
where  an  experimental  sunset  ion  profile  at  a  solar  zenith 
angle  of  99°  and  a  theoretical  profile  excluding  ion  transport 
[Keneshea  et  al.,  1970]  is  compared  to  a  model  including 
transport  due  to  measured  winds  [Keneshea  and  MacLeod, 
1970).  The  di.sturbances  apparent  in  Figures  21-94  and 
21-95  should  not  detract  from  the  fact  that  the  Keneshea 
et  al.  ( 1970]  model  r'-mains  valid  for  the  noimal  midlatitude 
E  region  since  even  recent  measurements  [Tr,  st.  1979]  are 
in  good  agreement  with  their  model  which  is  for  moderate 
solar  activity.  Under  auroral  conditions,  the  [NO*l/[02*] 
ratio  tends  to  be  higher'  than  unity,  the  approximate  mid- 
latitidc  daytime  valce,  as  shown  by  a  survey  (Figure 
21-96)  of  eight  auroral  flights  by  Swider  and  Narcisi  [  1977], 
This  higher  ratio  reflects  a  greater  quantity  of  NO  in  the 
auroral  or  higher-latitude  E  region  as  computed  with  mid¬ 
latitudes.  particularly  in  the  winter,  when  photodis.sociation 
of  NO  is  minimal. 

Narcisi  and  Bailey  [1965]  were  the  first  to  report  that 
hydronium  ions  arc  the  dominant  positive  ions  of  the  D 
region.  Figure  21-97  illustrates  the  difference  between  the 
E  region  where  NO  *  (.W  amu)  and  O-  *  (32  amu)  are  dom¬ 
inant  and  the  D  region  where  HsOj*  (37  amu),  H7O,*  (55 
amu)  and  H.,04*  (73.  amu)  are  the  principal  ions.  The  ions 
labeled  24  amu  and  50  amu  represent  meteoric'  Mg*  and 
Fe  *  ions,  respectively.  Depending  upon  the  temperature 
and  [H-Oj.  even  heavier  hydronium  ions  may  be  present  in 
the  D  region  like  HnO,*  and  HiiOs*.  Shock  heating  can 
lead  to  the  observation  of  lighter  species.  Hydronium  ions 
recombine  with  electrons  at  dissociative  recombination  rates 
5  to  10  times  greater  [Bio.ndi.  1973]  than  those  for  O-*  and 
NO*  ions,  respectively.  Hence,  the  conversion  of  NO*  and 
Oj*  ions  to  hydronium  ions  provides  for  a  lesser  D  region 
than  would  be  present  in  the  absence  of  this  conversion. 
Under  disturbed  conditions,  enhanced  ion  and  electron  con¬ 
centrations  tend  to  lower  the  crossover  altitude  between 
simple  molecular  ions  (NO*  +  0-* )  and  hydronium  ions, 
because  dissociative  recombination  becomes  more  compet¬ 
itive  with  increased  [e]  as  compared  to  ionic  conversion 
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Figure  21*94.  Ion  cop’oosiiion  rf  a  nighttime  sooradic  E  layer  (Narcisi.  1969). 


Figure  21-95.  Total  positive  ion  j.Tortles  in  the  sunset  E  region;  Com¬ 
parison  of  fheorv  with  experiment  fKeneshca  and  Mac* 
Uod.  I970I.  -  ' 


Figure  21-96.  The  pt>sitive  ion  ratios  measured  during  eight  km  'ah  .;ur'';al 
''  region  rtK^ci  flights  l-Swidcr  c  i  Narcisi.  I9"7}. 
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IONS /cm* 


Figure  3 1  -<>7  PoMiivc  ii>n  divlrihuiinn'  mcjsured  'n  ihc  liiwer  F.  and  upper 
D  repums  ai  a  3(1'  vilar  /eniih  anjile  INarciM  el  al  .  1471 1. 

pnvesNCs  which  rely  only  upon  the  neutral  concentrations. 
Figure  21-^8  compares  a  theoretical  mcxiel  for  the  3  No¬ 
vember  1%*?  SPE  (PCA)  with  the  measured  electron  con- 
centraiions  and  is  a  good  example  of  hydronium  ion  distri¬ 
butions  in  a,  disturbed  D  region.  Similar  behavior  should 
occur  for  an  SID.  Below  about  60  kn,  the  hydronium  ions 
in  the  figure  appc'arto  be  in  themicxlynamic  equilibrium  and 
only  a  knowledge  of  the  water  vapor  concentration  (about 
6  ppmvi.  the  temperature  and  the  thermixlynamic  param¬ 
eters  IKeharle  et  al.,  I967|  are  needed  in  order  to  derive 
the  relative  hydronium  ion  composition  Since  electron  con¬ 
centrations  are  lower  in  the  quiet  D  region,  thermixlynamic 


concentration  (cm'*) 

Ffcurj^  *1  hc' mt'ds.'l  '*t  fK-  N*ics'fr(>n  im*  ior 

ir  *h,*  Sf*f.  dr.iurKii  '  '’ckv,  .s  •  ■  mpared  uilh 
!ht'  ntc.tNurfit  e!t.M«'s»r.  .  »Hiccr.  JSvkiJercl 

A\  .  N'x: 


CONCENTRATION  (cm'*) 


Figure  'W,  Theoretic  :•!  negative  ion  pn)tiles  commensurate  with  Figure 
21-HKMSwtderet  al..  iy7X|. 

equilibrium  may  he  appropriate  up  to  70  km  or  even  higher. 
However,  in  the  atmosphere.  pr(x:esses  involving  CO.  may 
aid  the  formation  of  heavier  hydronium  ions.  Hence,  the 
thetmodynamic  expression  of  Kebarle  et  al.  [1967]  .should 
be  used  with  caution. 

The  quiet  D  region  positive  ion  composition  differs  little 
al  night  from  day  except  that  the  concentrations  are  less  at 
night.  As  might  be  expected,  the  crossover  between  simple 
ions  (NO*  f  O;  *)  and  hydronium  ions  rises — from  about 
82  km  by  day  to  86  km  at  night  (Narcisi.  1973).  The  positive 
ion  distributions  of  the  daytime  D  region  have  been  modelled 
extensively  by  Reid  |I977). 

21.4.3  Negative  Ion  Distributions 

Our  understanding  of  negative  ions  is  p<ior.  They  occur 
only  at  D-region  altitudes  and  below.  Figure  21-99  is  a 
representation  of  the  negative  ion  composition  computed  in 
conjunction  with  the  positive  ions  and  electron  distributions 
shown  in  the  previous  figure.  The  total  negative  ion  pop¬ 
ulations  calculated  appear  to  be  compatible  with  the  cal¬ 
culated  and  observed  electron  and  total  positive  ion  distri¬ 
butions.  However,  this  mulch  is  somewhat  misleading  since 
it  has  been  assumed,  based  upon  laboratory  evidence  (.Smith 
el  al..  197iS).  that  all  ion-ion  recombinations  (between  pos¬ 
itive  and  negative  ions)  have  a  rate  coefficient  of  6x10" 
cm'  s  '.  B\  definition  then,  mainly  the  total  negative  ion 
concentration  is  relevant  and  not  their  individual  identities. 
Yet.  the  individual  identities  play  some  role  because  of  their 
uniquely  related  ion-moleeule  interactions  with  the  neutral 
atmosphere  plus  photodetaehment  and  photodissociation 
processes.  On  the  other  hand,  negative  ion  profiles  com¬ 
puted  at  night  for  SPK  conditions  |Swider  et  al,.  1978) 
resulted  in  distributions  not  unlike  those  calculated  by  Ar¬ 
nold  and  Krankow  sky  11971)  w  hich  were  in  gotxl  agreement 
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Figure  21-100  D  region  negative  ion  observations:  Left  panel  from  Arnold  etal.  11971];  right  panel  from  Narcisi  et  al.  |I972|  Note  the  different  alliludc 
scales. 


with  the  one  observational  result  (nighttime)  they  obtained. 
However,  a  serious  controversy  arises  over  the  fact  that  in 
fourteen  flights  to  date  jupleg  and  downleg.  R.S.  Narcisi. 
private  communication.  19X11.  a  layer  of  heavy  negative 
ions  was  measured  near  85  km.  This  is  illustrated  in  Figure 
21-100  where  the  Ma.x  Planck  Institute  at  Heidelberg  results 
are  shown  in  conjunction  with  one  AFGL  result.  The  .AFGL 
data  indicate  greater  hydration,  with  mainly  NO,  (62  amu). 
NO,  HjO  (80  amu)  plus  higher  hydrates  than  do  the  Hei¬ 
delberg  group's  results.  In  addition,  the  AFGL  data  contain 
a  layer  of  very  heavy  negative  ions  at  85-90  km  whose 
origin  cannot  be  explained  by  conventional  gas-phase  the¬ 


ory.  During  riKkct  flights  into  a  disturbed  and  eclipsed  D 
region  on  26  February  1979.  AFGL  [Narcisi  et  al..  198.^1 
again  recorded  a  layer  of  heavy  negative  ions  near  85  km 
as  did  a  University  of  Bern  group  [Kopp  et  al..  1980]  in  a 
separate  expeririient.  The  Bern  results  suggest  that  the  prin¬ 
cipal  negative  ions  may  be  HCO,*  and  its  hydrates.  This 
conclusion  is  not  incompatible  w  ith  the  AFGL  results  since 
such  ion  iden'ifications  are  within  the  mass  uncertainty  of 
the  AFGL  instrument,  about  ±  I  amu.  Reported  observa¬ 
tions  of  Cl  (-'^5  amu  and  .57  amu)  may  arise  from  the  in¬ 
teraction  of  ambient  ions  with  chlorine  contamir.ants  1  Nar¬ 
cisi.  197.71. 
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Chapter  22 

ATMOSPHERIC  EMISSION  AND  ABSORPTION  OF 
ULTRAVIOLET  RADIATION 


R.  E.  HufT'nan 


22.1  VUV/UV  BACKGROUND 
ATMOSPHERIC  RADIANCE 

The  radiance  of  the  earth’s  atmosphere  as  seen  fron. 
space  is  shown  in  Figure  22-1.  The  day  and  night  radiance 
levels  are  shown  for  the  earth-center  or  nadir  viewing  di¬ 
rection  with  the  observer  at  an  altitude  of  a'oout  SOO  km  or 
more.  The  units  are  Rayleigh  per  A  with  a  Rayleigh  equal 
to  lO*  photonAs  cm*  co'umn  4  ir  steradian).  The  values  in 
Figure  22- 1  are  based  on  a  number  of  rocket  and  satellite 
observations.  Only  prominent  spectral  features  are  shown. 


The  day  radiance  values  are  shown  in  the  upper  part  of 
Figure'22-1.  The, upper  curve  labeled  day  m..ximum  gives 
observed  radiance  values  for  overhead  sun  (solar  zenith 
angle  of  zero).  The  radiance  is  less  for  larger  solar  zenith 
angles.  At  wavelengths  lo.iger  than  about  2(X)0  A  in  the 
figure,  solar  scatter  is  the  principal  component.  Represent¬ 
ative  references  are  Elliot  et  al.  11967],  Barth  and  Mackey 
|i969|.  Huffman  et  al.  |I980|.  and  Raweliffe  and  Elliot 
1 1966).  Two  broad  minima  are  present,  centered  at  about 
2500  A  due  to  ozone  and  at  about  1500  A  due  to  oxygen. 
In  each  case,  ihe  atmospheric  constituent  absorbs  back- 
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cattered  emission  leading  to  a  minimum  in  the  background 
Heath.  I973|. 

The  emission  at  wavelengths  shorter  than  2000  A  in  the 
igure  is  du.:  primarily  to  the  dayglow.  The  Lyman-Birge- 
lopfield  (LBH)  bands  of  molecular  nitrogen  am  the  most 
irominent  band  system  (Meier  et  al..  I9S0;  H'jfir.ian  et  al., 
980;  Prinz  and  Meier.  1971;  Takacs  and  Feldman.  1977!. 
itrong  miiltiplets  of  atomic  oxygen  occc  at  !.')04  and  1356 
k.  and  there  are  several  lines  of  atomic  nitrogen,  with  the 
trongest  at  1493  and  1200  A.  Hydrogen  Lyman-alpha 
I216A)  emission  due  to  solar  resonance  scattering  from 
he  geiKorona  has  been  extensively  measured  for  both  day 
nd  night  situations  jCamithers  et  al..  1976;  Meier  and 
dange.  1970.  1973;  Thomas.  1963). 

The  ni‘'ht  midlatitude  radiance  values  ir  the  lower  part 
if  Figure  22-1  are  representative  of  observations  found  be- 
ween  the  tropical  ultraviolet  airglow  belts  and  the  auroral 
egion.  The  nnric  oxide  delta  and  gamma  bands  and  the 
■xygen  Herzberg  band  emission  are  due  to  chemilumines- 
erce.  References  to  th^se  bands  are  as  follows  Cohen- 
iabban  and  Vuillcmin  (1973];  Huffman  et  al.  |1980j;  and 
teed  and  Chandra  11975].  The  minimum  value  in  a  band 
entered  at  1550  A  was  measured  by  Huffman  et  al.  1 1980). 

There  are  several  localized  sources  of  ultraviolet  emis- 
ion  from  the  atmosphere,  as  summarized  in  Table  22- 1 . 
"he  tropical  ultraviolet  airglow.  due  to  radiative  recombi- 
ation  of  oxygen  ions,  occurs  mainly  in  the  pre-midnight 
ector  (Barth  and  Schaffner.  1970;  Carruthers  and  Page. 
976;  and  Hicks  and  Chubb.  1970).  The  twilight  spectrum 
>  seen  near  the  terminator  when  only  upper  altitudes  are 
lluminatcd  by  solar  ultravio'et.  resulting  in  a  low  back- 
round  from  solar  scatter  (Gerard  et  al..  1970;  Barth  et  al.. 
973 1 .  The  auroral  region  as  seen  from  space  in  the  ultra- 
iolet  priKluces  many  emission  features,  as  measured  by 
leiting  and  Feldman  ( 19781;  Chubb  and  Hicks  ( 197  I,.  Peek 
I970|;  and  Huffman  et  al.  |,i980|. 

The  extreme  ultraviolet  wavelength  region  from  about 
100  A  to  the  soft  x-ray  region  near  100  A  ha.s  not  been  as 
zed  characterized  as  VUV/UV  wavelengths  Emission  is 
rimarily  oxygen  and  nitrogen  lines.  Rocket  observations 


avui'tble  to  date  are  by  Christensen  (1976],  Gentieu  et  a!. 
(19791.  and  Feldman  et  al.  (19811. 


22.2  ABSORPTION  AND  IONIZATION 
CROSS  SECTIONS  OF  MAJOR 
GASES 

A  general  introduction  to  the  role  of  ultraviolet  absorp¬ 
tion  and  ionization  in  aeronomy  is  given  by  Watanabe  ( 19581. 
although  most  of  the  crOss-section  values  have  been  obtained 
at  improved  resolution  in  later  work .  The  major  gases  dis¬ 
cussed  here  are  Oj.  O,.  N-.  and  O.  Cross  sections  for  use 
in  aeronomy  are  avaiLble  from  several  sources.  Huffman 
ll‘>69|;  Hudson  |1971|;  Kirby  et  £.1.  1I979|.  Tiv.-e  com¬ 
pilations  generally  concentrate  on  solar  emission  features. 

■  A  detailed  review  including  the  major  atmospheric  gases 
is  available  by  Berkowitz  11979i.  Complete  bibliographies 
pf  photon  cross-section  references  can  be  obtained  through 
the  Low  Energy  Atorrnc  Collisii  n  Cross-Section  Informa¬ 
tion  Center,  Joint  Institute  for  Laboratory  \Strophysics, 
University  of  Colorado,  Boulde",  Colorado  80309. 

The  transmission  through  a  gas  is  given  by  exp  (  -  ct  N|, 
where  tr  is  the  total  absorption  cross  section  in  cm’  and  N 
is  the  column  density  in  cm'-.  The  photoionizafion  cross 
.section  ;s  the  pr>r»ion  of  tr  that  results  in  ionized  products. 
Specific  croris  sections  for  producing  specific  ionized  or 
neutral  prtxiucts  can  be  defined  in  a  similar  manner.  The 
cross  section  must  be  measured  at  a  resolution  considerably 
le.ss  than  any  structure  in  the  spectrum.  This  difficulty  occurs 
for  narrow  lines,  and  in  these  regions  the  simple  exponential 
transmission  calculation  is  not  accurate. 

Cross  sections  are  given  in  Figure  22-2  for  molecular 
oxygen  (O.)  and  ozone  (O  .)  and  in  Figure  22-3  for  molecular 
nitrogen  (N'j)  and  atomic  oxygen  (O).  These  figures  give 
the  location  in  wavelength  of  the  photon  absorption  of  most 
impo"tance  lO  aeronomic  problems.  In  regions  of  compli- 
cateo  structure  such  as  molecular  bands  or  atomic  lines, 
representative  values  are  shown.  In  these  regions,  the  de¬ 
tailed  mca.surtinenls  must  be  utilized,  as  found  through  the 
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references.  The  curves  given  are  based  on  measurements 
from  many  sources.  Reference  to  measurements  will  be 
necessary  for  detailed  cross  sections,  especially  where  dis¬ 
crete  structure  is  indicated. 

Molecular  oxygen  (O2)  absorption  occurs  weakly  in  the 
Herzberg  continuum  between  about  2400  and  2050  A.  ,The 
Schumann-Runge  bands  are  located  between  about !  750  uid 
2050  A.  These  bands  arc  comprised  of  many  narrow  rota¬ 
tional  lines.  Transmission  models  have  been  developed  (Blake. 
I979|.  the  Schumann-Runge  continuum  occurs  between 
about  1250  and  1750  A.  The  region  between  1027  and  1250 
A  has  a  number  of  “windows,"  or  regions  of  low  absorption, 
as  well  as  strong  absorption  hands.  Nitric  oxide  is  photoion- 
ized  by  the  intense  solar  hydmgcn  Lyman-alpha  line  (1216 
A)  at  one  of  ther^e  windows  with  an  ionization  cross  section 
of  2.0  X  Iff  "•  cm-. 

The  molecular  oxygen  ionization  threshold  occurs  at 
1027  A;  however,  strong  molecular  bands  continue  to  be 
observed  ;o  about  600  A.  The  photoionization  cross  section 
is  also  shown  as  it  is  appreciiibly  different  from  the  total 
cross  section  to  about  500  A.  The  bands  may  show  autoion- 
ization  structure.  Toward  the,  shorter  wavelengths  of  the  soft 
x-ray  region,  the  cross  section  decreases. 

The  principal  ozone  (Oo  absorption  is  centered  near 
2500  A.  Weaker  absorption  continues  to  about  35(X)  A  ti>- 
ward  longer  wavelengths.  Bands  are  not  shown  in  the  figure. 

Molecular  nitrogen  (N;.)  begins  'o  absorb  strongly  at' 
aboc:  1000  A.  Only  a  few  of  the  numenius  bands  are  shown. 
A  continuum  underlying  these  bands  must  be  weak  and  an 
upper  limit  is  shown.  The  ionization  threshold  is  at  796  A. 
A  separate  photoionization  curve  is  not  shown  as  it  is  ap¬ 
proximately  the  same  as  the  total  absiirption  curve  Au- 
toionized  molecular  bands  are  observed  from  about  650  to 
7%  A. 

Ateimic  oxygen  (O)  is  phsKoionized  at  wavelengths  shower 
than  911  A,  At  longer  wavelengths  absorption  is  confined 
to  line  scries  converging  to  the  ionization  threshold.  At 
wavelengths  shorter  than  1 1  A.  there  are  autoionized  series 
converging  to  more  energetic  ionization  thresholds,  A  few 
of  the  more  intense  members  are  shown, 

22.3  RATE  OF  PHOTODISSOCIATION  IN 
THE  ATMOSPHERE 

Photodissociation  resulting  in  neutral  products  occurs  in 
the  atmosphere  due  to  the  absorption  of  solar  radiation  by 
molecules.  The  photon  absorption  privess  resulting  in  the 
formation  of  ions  and  electrons  is  called  photoionization.  It 
is  covered  in  Chapter  21  of  this  handhtsik.  In  general.  ph(v 
todissociation  into  neutral  pnxlucts  requires  less  energy  than 
photoionization.  It  iKcurs  at  longer  wavelengths  and  lower 
altitudes.  At  many  wavelengths  and  altitudes,  both  phoUv 
dissix'iation  into  neutral  pnxlucls  and  photoionization  are 
(Kcurring  The  in'ernal  and  kinetic  energy  states  of  the  neu¬ 
tral  pnxlucts  are  very  important  in  determining  reaction 


mechanisms  in  the  atmosphere  and  where  information  is 
available  it  is  included. 

This  section  is  an  intrcxiuction  to  the  most  important 
phocodissociation  processes  and  their  nrle  in  the  atmosphere. 
It  is  based  on  Turco  and  Huffman  (19791  and  Turco  1 19751. 

'  The  wavelengths  of  solar  radiation  of  interest  in  pho-' 
todiss(x;iation  are  primarily  from  the  stnmg  hydrogen  Ly¬ 
man-alpha  line  at  1216  A  through  the  ultraviolet  to  about 
7500  A.  The  solar  flux  available  for  photodissociation  in 
the  ultraviolet  at  wavelengths  less  than  about  .3000  A  is 
controlled  by  absorption  of  molecular  oxygen  and  czone. 
This  absorption  acts  as  a  shutter  to  decrease  the  solar  flux 
as  a  function  of  altitude  and  determine  tl^  rate  of  photo¬ 
dissociation  of  species  present  at  smaller  concentrations. 

The  solar  atmospherically  attenuated  irradiance  as  a 
furtetion  of  solar  zenith  angle  is  shown  in  Figures  22-4, 
22-5  and  22-6.  Abstrrption  between  .3300  and  2000  A  is 
largely  by  ozone.  Between  2000  A  and  1216  A.  molecular 
oxygen  is  the  important  absorbing  molecule.  Three  repre¬ 
sentative  solar  zenith  angles  of  75°.  60°.  and  .30°  are  given 
in  the  figures  The  oxygen  vertical  profile  is  the  mean  ref¬ 
erence  pn'filc  of  Champion  ( 10721.  The  ozone  profile  used 
is  a  midlatitude  empirical  model  due  to  Krueger  and  Minzer 
1 19761.  The  solar  flux  at  the  top  of  the  atmosphere  used  in 
Figures  22-4.  22-5.  and  22-6  is  the  same  as  given  in  Chapter 
2  by  Hertxjx  and  Hinieregger  (Figures  2-2.  2-3). 
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Designation  in 

Figures  22-7.  K  &  9 

PtxXixlisMKiatiixi  Prxxvss 

o;.(  1 1 

O.  —  0  +  0 

0..'2( 

O;  —  O  +  Of'D) 

0.(1) 

O,  —  O  +  o. 

0.i2l 

0,-0  +  0;('  A.) 

NO 

NO—  N  +  O 

NO., 

NO;  —  NO  +  O 

N,.0 

N;6—  N.  +  Ot'D) 

N..O, 

N;0,  —  2NO..  +  O 

HNO; 

HNO;  —  OH  +  NO 

HNO. 

HNO,  —  OH  +  NO; 

HO; 

HO;  —  OH  >  O 

H..f) 

H;0  — OH  +  H 

H;0; 

H;0.  -  OH  +  OH 

CO;(ll 

CD.  —  CO  +  O 

CO;(2) 

CO,  —  CO  +  O  ('D) 

CHd  1 ) 

CJli- CH.  +  H 

CH4(2) 

CH.  —  CH,  +  H, 

HCHOO) 

HCHO  —  (^HO  +  H 

HCHO«2i 

HCHO  —  CO  +  H, 

!  .SO; 

SO;  —  SO  +  O 

(X'S 

(X'S -CO  ♦  Si'D) 

H;S 

H.,S  —  HS  +  H 

The  number  of  phi^odisMKiaiion  cvent>  (Kcurring  per 
unit  volume  per  seconU  at  a  given  point  in  (he  atmovphere 
is  equal  to  the  liKal  number  density  multiplied  by  the  phev 
todisMX'iation  rale  per  molecule  per  second.  The  latter  factor 
is  the  tnlegral  of  the  absorption  cross  section  times  the  solar 
flux  at  a  given  altitude  over  all  significant  xavelcngths.  If 
kmvwn.  the  ertiss  sections  for  specific  pniducts  can  also  be 
used  to  give  pnxJuciion  rates  for  specific  energy  states. 

PhotixiissiK'ialion  rates  are  shown  in  Figures  22-7. 
22-H  and  22-**  for  the  three  solar  renith  angles  of  7.S".  Wf. 
and  .VT.  A  total  of  twenty-three  photixlissix'iaiioti  pnx‘es-es 
are  stxiwn  for  seventeen  absorbing  molecules  The  nxile- 
cules  included  are  ()..  (),.  NO.  NO..  N.O.  N-O,.  IK).. 
H  O..  HNO..  UNO..  CO..  CH..  HCHO.  SO..  H.S.  and 
(X'S.  The  abvirption  cn>ss  sections  fix  O..  and  Oi  arc  given 
in  Figure  22-2.  References  to  the  remaining  cross  sections 
arc  in  Turco  and  Huffman  1 1‘)70|  and  Turco  |  I97.S| 

The  total  photixlissix'ialion  rate  per  unit  volunK  as  a 
function  of  altitude  can  he  obtainc-d  from  Figures  22-7. 
22-l<.  and  22-9  and  the  number  density  of  the  nxilcxule  of 
interest.  These  densities  w  ill  vary  depending  on  the  problem 
under  citnsideration  .Sonx-  of  the  nxilecules  are  included 
because  they  are  important  in  the  atmospheric  chemistry' 
assix'iated  with  nitrogen  oxides,  water  vapix.  and/tx  ixher 
gases  released  in  the  atmosphere  at  greater  than  nalunilly 
ix'curring  levels. 

Table  22-2  gives  the  .jv;.  itic  photixlisMX’iation  reactions 
that  anply  to  the  curves  in  Figures  22-7.  22-K.  and  22-9.  In 
many  cases,  the  excited  electronic  state  of  the  pnxfuct  is 
known.  The  internal  energy  in  the  pnxlucts  can  he  very 
impixtani  in  determining  subsequent  reactions. 
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Chapter  23 

GEOKINETICS 


Scctiom  23.1.  23.2.  immI  23.3 
SccUm  23.4 
Scctim  23.5 

The  Mirfacc  of  the  earth  is  in  constant  motion  in  response 
to  natural  tgnivitatHmal.  rotatumal,  h>iln>k>gical.  meteor¬ 
ological.  lectonK'l  and  nunmade  Idetirnations.  surface  ktad- 
ing.  vihratine  ntachinrry  l  forces  Some  of  these  motions 
ate  of  great  interest  to  earth  scientists  aitd  engineers,  but 
many  compose  the  hackgnHind  n«>isc  spectrum  from  which 
the  signals  of  interest  must  be  extracte'd. 

1  he  nature  of  the  motHms  range  fnun  transient  v  ibrations 
caused  by  caniatuakes  liuuugii  continuous  long  pernid  os¬ 
cillations.  There  are  also  non-penodic  rxitalHtns  of  large 
blacks  of  the  outer  shell  ot  the  earth.  Due  to  the  small 
amplitude  or  low  frci^ucncy  of  these  motions,  most  go  un¬ 
noticed  in  the  common  expenertce.  The  most  catastrviphic 
of  these  nHUHins  ate  the  transierM  waves  generated  hy  large 
earthquakes  or  explosions.  In  this  chapter  the  general  char- 
acterisiKs.  magnitude,  and  measurement  of  crustal  motions 
will  he  discussed. 

23.1  STRt’CTL'RE  OF  THE  EARTH 

The  mechanical  and  chemical  prxspertics  of  the  earth, 
such  as  density,  rigidity  and  compressibility,  are  strong 
fuiKlHUis  of  depth  and  thcre'Vsre  pressure  |Artderson  and 
Hart.  Id7b|  Hour  major  discontinuities  in  these  pniperties 
have  beep  identified  and  on  this  basis  the  interior  i»f  the 
earth  has  been  subdivided  into  four  regions  that  on  a  gn»ss 
scale  are  laterally  homogeneous  (Kigure  2.^-l>  From  the 
surface  do.snward  these  regions  ore  as  follow s- 

I.  Crust— This  nrgion  ranges  m  thickiKss  from  5 
km  bciK'ath  iKcans  to  .'5  k’l  Ivneath  continents, 
to  a  maximum  of  Ml  km  Iseneath  the  Himalaya 
Mountains  The  enist.  which  is  composed  of  sil- 
►■ates.  exhibits  radial  and  lateral  homogerK-ity  to 
a  miKh  greater  extent  than  any  of  ihx-  other  three 
/mics.  The  lower  hmindary  ol  the  crust  is  defined 
by  a  sharp  seismic  sekviiy  disconfinuiry .  known 
as  the  MohorovtcK  discontinuify,  comnsHiIy  called 
the  "Moho  ■’  Typical  upper  cnisial  okT  dv-nsily 
IS  2  .s  g'em  '  The  variation  in  depth  to  the  Moho 
IS  thsiuehl  to  he  an  expression  of  isosialic  equi¬ 
librium  since  the  crustal  material  is  of  kmcr  den- 
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siiy  than  that  of  the  mantle.  In  other  words.  tiK 
so  called  "crustal  roots"  beneath  ciUitincnts  or 
mountain  ranges  compensate  for  the  additional 
material  in  such  a  way  that  the  pressure  from  a 
vertical  column  of  mass  at  some  depth  anywhere 
around  the  planet  will  be  equal  (Figure 
2.V2).  This  process  is  not  instantanetHis  and  it 
can  he  demtmsiraied  that  some  areas  of  the  world 
have  not  reached  isostatic  equilibrium. 

2.  Mantle — Starting  at  the  ha.se  of  the  crust,  the 
mantle  extends  to  a  depth  of  28ftS  km.  The  upper 
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CHAPTER  23 


Filfim;  2  pr;:Ki}>k'  viunIjI  r«»i4N  uikk-r  jfid  miHifi- 

Uin  rjn^v^  pi^rmM  j  ^phcfKal  vhi'li  t»t  c^iui  prc^utrc  NvcttM 
j|  MHiir  Jcpih  K.*ncjih  the  surlAc  «*!  the  cjrth 


pan  of  the  manilc  in  prohahh  omipiKod  niainly 
of  pcridolitCN  lolivinc*-  and  pyro^incsl  The  lerm 
"py  ndilo"  has  hern  applied  to  the  composition  of 
the  uppei  mantle  (Clark  and  Rin}:wood.  IW»4|. 
The  cofiiposiiion  of  the  hmer  mantle  is  uiwenain 
It  ma\  consist  of  oxides  and  silixates  of  magne¬ 
sium  and  iron  \siih  small  armninis  «l  aluminum 
and  calcium  (VerfHiocen  et  al.  IfTtll  ■  Typical 
mantle  dcnsiiK's  ran^e  frtmi  3  to  5  g'em' 

3  Outer  core  This  rccKm  ranges  fnmi  a  depth  of 
2HK5  to  '155  km  It  is  helie\c*d  to  he  composed 
of  liquid  iron  and  nickel  and  therefore  cannot 
support  shear  forces  TK*  density  of  the  outer  core 
ranges  from  approximately  9  g  em"  to  12  g'em' 

4.  Inner  c«*rc  Beginning  at  a  depth  of  5155  km. 
the  inner  core  extends  to  the  center  (h37l  km 
depth  I  of  the  earth  l.ike  the  outer  con.*,  it  is 
heliexi*d  to  consist  of  iron  and  nickel,  however, 
as  a  result  of  the  extreme  pressua*  it  is  Mihd  The 
density  of  the  inner  core  material  is  approximately 
1 1  g  cmV 

In  gi'ophy steal  lilcratiire  ihx-re  is  another  radial  division 
of  the  earth  into  the  lithosphere  and  the  astK'nosphere  This 
IS  pri  n.irilx  a  division  has^-d  on  strength,  anxf  the  Niurtdary 
ifcK-s  not  corri*spon»l  to  any  ot  the  ones  prev  lousiy  discussed 
I  he  iK-xt  section,  which  is  an  overvK’w  of  the  theory  of 
plate  tcxtonics.  is  concerned  with  this  division 

23.2  PI,ATE  TECTONICS 

The*  de.eliipmeni  iif  the  theory  of  plate  teefooK's  rep¬ 
resents  a  revolution  in  the  understanding  of  the  evidulion 
of  the'  surtjce  of  the  earth  Because  the  theory  is  n.*ferTrd 
to  in  sc-  etai  of  the  following  sections,  a  brief  survey  of  the 
suhiec!  will  he  presented  here  More  eomprebensivc  dis- 


cutvsionv  can  be  found  in  geo'ogical  and  geophysical  texts 
published  since  1970  (for  example.  Garland  (1971)  and 
Wyllie  1 1971 1)  There  are  also  several  collectioas  of  sci¬ 
entific  papers  tsuch  as  Pird  and  Isacks  |I972|  and  Cox 
|I973|I  that  illustrate  the  chtunologicai  development  of  the 
theory 

Plate  tectonics  is  primarily  concerned  with  the  kine¬ 
matics  of  the  first  several  hundred  kilometers  below  the 
surface  of  the  earth.  This  region  is  divided  into  two  zones; 
the  lithosphere,  from  the  Greek  word  meaning  “nxk”.  and 
the  a.sthcnosphere.  from  the  Greek  word  meaning  "weak" 
or  lacking  strength.  The  lithosphere  exhibits  finite  strength 
ai>d  is  capable  of  brittle  fracture,  while  the  asthenosphere 
can  he  viewed  as  a  basement  of  weak  material  having  low 
mechanical  strength.  The  lithosphere  includes  the  crust,  but 
also  extends  into  the  upper  mantle.  The  boundary  between 
thetc  two  regions  is  associated  with  the  top  of  a  seismic 
low  velcciiy  /one  (l.VZ)  which  typically  occurs  at  approx¬ 
imately  lOO  xm  depth  Dorman  |I969|  and  Figure 


l-igufr  2.X'f  Cnivi  uiU  upper  nuuille  vekicily  dislhbulioitt  (solid  line — 
Pivilk  (V-e«n.  dash  line — AIpne:  dotted  line — Canadian 
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23-3.  The  depth  »>f  this  interface  varies  with  tectonic  prov¬ 
ince.  that  is.  whether  it  is  benea»h  iK'eans.  continents,  or 
mountains.  It  should  he  noted  that  the  lithosphete-asthen- 
osphen.'  houndarv  d«K‘s  not  corresfiond  to  the  classical  crust- 
mantle  veliK'itv  discontinuitv .  the  Moho 

Mah’r  fracture  s\Ntcnis  <K'cur  in  the  liih»>sphcir.  dividing 
the  outer  shell  of  the  earth  into  a  number  of  sections  or 
jflales  iKigua*  23-4l.  Twelve  :nah>r  plates  and  nuineri'*is 
minor  plates  capable  of  motion  along  the  surface  of  the  earth 
ha'.e  been  ideniitied  The  interior  of  the  plates  can  he  con¬ 
sidered  essentialh  rigid  and  the  effect  of  the  interactions  of 
the  mov  ing  plates  contined  primarilv  to  the  plate  margins 
Plates  can  he  composed  of  either  iveanic  Hoor.  contirHrntal 
material.  t>r  both.  The  major  distinction  between  the  theorv 
of  plate  tectonics  and  the  old  Concept  of  continental  drift  is 
that  continents  are  not  separate  nvobile  entities,  but  are  part 
of  the  plates  For  evample.  as  seen  in  Figure  23  -f .  the  North 
American  plate  irK'ludes  a  large  porthm  of  the  .Atlaittic  (Xean 
as  well  as  the  continent  of  North  .AnK-rica 

Three  basic  tvjvs  ol  plate  boundaries  have  been  iden¬ 
tified.  The  first  tvpe  is  an  extensjonal  margin  when.*  new 
ixreanic  lithosphere  is  ca-ated  This  is  a-ferred  to  as  cea- 
fltKvr  spa-ading  and  iKcurs  when  two  adjacent  plates  arc 
moving  awav  fmm  each  other  Here  basaltic  magma  from 
the  asihenosphea'  is  intruded  at  the  margin  iF'igua*  23-.Aa) 
Nimiial  faulting,  an  expression  of  extension  with  strike  idi- 
rcetiivni  parallel  to  the  margin  axis,  is  found  hca'  In  these 
areas,  the  lithosphea’  is  verv  thin,  elevated,  and  has  high 
heat  How  Hxamples  of  this  tvpe  of  Kvundarv  arc  the  Flast 
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Pacific  Rise  and  the  Mid-.Atlantic  Ridge.  .Since  the  aa’a  of 
the  surface  ol  the  earth  must  be  conserved,  it  is  obvious 
that  thea*  must  be  a  nhichanism  for  dcst.oving  lilhosphea’ 
This  type  of  margin  is  called  a  consuming  plate  margin  or 
a  suhduction  «ine.  Subduclion  iKcurs  when  tKeanic  liih- 
ttsphea-  ctmvcrges  with  either  iK-eanic  or  continental  lilh¬ 
osphea*  i  Figure  23-5hl.  The  iveanic  plate  will  be  overridden 
by  the  other  plate  and  sink  because  it  is  co'der.  older,  and 
thus  denser  than  its  surroundings.  At  the  point  of  contact, 
the  sulxluciing  plate  will  down-warp  the  overriding  plate 
forming  a  ta’nch  As  the  subducting  plate  enters  the  as- 
ihcnosphea*  it  is  heated  until  it  melts.  .A  chain  of  volcamies 
is  foniied  at  the  a*ar  of  the  ia*nch  system 

Typical  examples  of  this  type  of  plate  Nnindary  aa*  the 
Japanese  island  aa-  system  and  the  Aleutian  Islands.  Sub¬ 
duclion  /ones  exhibit  marked  gniviiy  anomalies  because 
ftvnnaiion  ol  a  ta-nch  ca'aies  a  mass  ileticiency  These  /iHies 
aa*  often  the  sites  of  the  world's  large-a  i  fault  lengths  Iritf  HriO 
kmi  and  deepest  (to  ilepihs  of  7()t)  kmt  earihijuakes.  This 
/one  of  earthquakes,  not  to  be  confu  .ed  w  ith  the  actual  slab. 
IS  kiuvwn  as  the  Benioff  /one.  N’arious  geonK*lnes  of  sub¬ 
ducted  lithosjihea*  and  suhduction  rales  have  been  identi¬ 
fied.  (ienerally .  we  expect  that  llv.*  faster  the  suhduction 
rale,  the  deeper  the  plate  can  descend  befiMV  nx’llingi  hr>w- 
ever.  this  is  also  dependent  on  the  linx*  constant  for  assim¬ 
ilation  into  the  athenosphea*.  The  dip  angle  of  the  slabs 
'  vanes  and  in  s«mK  cases  fragiiK’nis  of  plate  seem  to  have 
haiken  off  iFigua*  2.’-b)  The  type  of  faulting  varies  with 
the  pivsiiion  on  the  slab,  hs'cause  the  plate  has  srvmc  flexural 
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rigidity,  (he  downgoing  -dab  actually  warps  upward  about 
the  radius  of  curvature.  Tcnsinnal  faulting  is  observed  in 
this  region.  Compressional  thrust  faulting  is  found  further 
down  the  subducted  slab.  In  some  areas  of  the  world,  parts 
of  (he  downgoing  slab  appear  to  be  breaking  off  and  are  in 
tension  (axis  of  least  compressive  stress  is  parallel  to  the 
slab  and  dipping  down).  This  could  be  caused  by  gravita- 
(uwal  sinking  jlsacks  ct  al..  I‘>f>*|.  In  some  cases  of  sub- 
duciion  of  ix'eanic  litlHrsphcre  beneath  continental  litho¬ 
sphere.  slivers  of  (K'ean  crust  have  been  scraped  off  onto 
the  continent.  These  fragments  are  called  "tiphiolites"  |Ga.ss.. 
19821 

While  the  combination  of  the  spreading  mid-ocean  ridge 
systems  with  the  subduction  /ones  creates  a  recycling  scheme 
for  the  surface  of  the  earth,  a  third  type  of  boundary  neither 
creates  nor  destroys  lithosphere.  If  two  plates  do  mrt  con¬ 
verge  but  slide  past  e.ich  other,  the  plate  margin  is  called 
a  transform  oi  slnkc-slip  fault  Sec  Figure  2?-.^  and  Wilson 
|!9h.^|  The  .San  .Andreas  Fault  in  ('alifomia  is  ths-  best 
known  exampic  of  a  transfirrm  fault.  In  this  case,  the  only 
resistance  to  the  relative  motion  results  from  irregulanties 
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Figuir  2.t  n  VarwHjs  ^imnncs  of  suMiKiin;  slabs 
lal  sha)l(>w  anils' 
ibl  sleep  an(!lc 
Id  sb«ai  stab 
Idl  broken  slab 

in  the  plate  boundaries  and  friction  between  the  two  plates. 
In,  this  case,  the  Pacilic  plate  is  nHating  in  a  counieadock- 
wise  direction  adaiive  to  the  North  American  Plate. 

It  should  he  noted  that  the  recycling  scheme  mentioned 
above  refers  only  to  oceanic  lithosphere.  Continental  lith¬ 
osphere,  which  IS  buoyant  and  thick,  generally  does  not 
subduct  .As  a  consequence,  the  oldest  oceanic  lithosphere 
(about  201)  million  years)  is  younger  than  most  continental 
lithosphere  When  the  collismn  involves  continental  lith- 
rrsphere  of  both  plates,  the  buoyant  forces  of  the  overridden 
plate  ^<r^xJucc  uplift  of  the  overriding  plate  esuiimg  in 
mountain  budding  forces  (Figure  2.^-.Sd).  The  Tibetan  Pla¬ 
teau.  site  of  the  convergence  of  the  India  and  Eurasian 
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plates,  is  an  example  of  this  type  of  plate  margin.  The  plate 
approximation  becomes  less  useful  for  continent  to  continent 
collisions  and  the  f  lastic  properties  of  the  lithosphere  must 
be  considered  Sinrf’  ;ontinental  lithosphere  cannot  be  de¬ 
stroyed,  the  oldest .  in  the  world  are  found  on  the  stable, 
inactive  continental  .ihields  such  as  Canada  and  Africa.  Is¬ 
land  arcs,  which  are  not  part  of  the  continental  lithosphere, 
arc  usually  craped  off  in  slivers  by  the  overriding  plate 
when  the  plate  subducts.  This  is  thought  to  be  a  mechanism 
for  creabon  of  the  continents. 

23.2.1  Driving  Mechanism 

The  driving  mechanism  for  plate  motion  is  unknown: 
iKiwevcr.  several  hypotheses  have  been  proposed.  Initially, 
thermal  convection  cells  in  the  mantle  resulting  from  dis¬ 
sipation  of  heat  in  the  deep  mantle  from  radioactive  decay 
were  believed  to  drive  the  system  by  exerting  viscous  drag 
on  the  b^'ttom  of  the  lithospheric  plates.  Although  this  mech¬ 
anism  has  not  been  discounted,  other  explanations  have  been 
offered  Other  hypothetical  mechanisms  include  gravita¬ 
tional  pulling  by  subducting  plates,  pushing  by  injection  of 
new;  crust  at  mid-iKean  ridges  (considered  unlikely  on  the 
basis  of  simple  energy  argument:;),  and  excitation  by  the 
Chandler  wobble  or  change  in  the  length  of  day  (rotation 
rate).  In  the  latter',  it  is  unclear  which  is  the  cause  and  which 
is  the  effect 

The  geometric  boundaries  of  the  plates  are  not  static 
since  the  pixxesses  occurring  at  any  margin  may  change 
with  time  and  new  plate  margins  may  be  created  by  the 
subdivision  of  existing  pldtes.  Approximately  200  million 
years  ago.  the  continental  land  ma.sse.s  were  united  in  one 
paleocontinent  known  as  Pangaea.  See  Figure  2^-7  and  Dietz 
and  Holden  |  Id70|.  Gradually,  this  single  continent  has  been 
subdivided  by  rifting  and  the  creation  of  new  oceans  in¬ 
cluding  the  Atlantic  and  Indian  Oceans.  In  addition,  the 
rifting  of  continents  has  been  initiated  at  several  points  but 
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seems  to  have  terminated  prior  to  significant  separation.  The 
Mississippi  and  St.  Lawrence  River  Valleys  may  be  regions 
of  failed  rifting.  This  theory  postulates  that  a  plate  begins 
to  break  up  because  of  upwelling  mantle  plumes  which  are 
convective  cells  of  molten  material  that  reach  >he  surface. 
It  can  be  shown  that  the  least  energy  configuration  for  frac¬ 
ture  from  a  point  source  is  a  triple  Junction  with  radially 
symmetric  fracture  arms  at  120  degrees.  If  several  of  these 
spreading  arms  from  other  plumes  intersect,  the  coalescing 
arms  become  a  spreading  ridge.  The  third  faulted  arm  be¬ 
comes  relatively  dormant.  A  name  sometimes  applied  to 
these  "failed  arms"  is  alachogen. 

23.2.2  Plate  Motions 

Relative  plate  motions  can  be  estimated  by  the  analysis 
of  spreading  rates  ar  extensional  margins,  displacement  across 
transform  faults,  and  earthquake  slip  at  subduction  zones. 
Spreading  rates  ai  sea  floor  spreading  ridges  are  generally 
measured  by  paleomagnetic  anomalies.  When  magma  is 
intruded  at  these  ridges,  it  is  heated  past  the  Curie  temper¬ 
ature,  the  temperature  at  which  material  gives  up  its  re¬ 
manent  magnetization  and  realigns  itself  with  the  ambient 
magnetic  field.  When  the  magma  cools  it  "freezes"  in  the 
ambient  magnetic  field.  This  makes  estimates  of  spreading 
rates  possible  because  of  two  facts.  First,  the  polarity  of  the 
earth's  magnetic  field  reverses  itself  on  a  seemingly  random 
basis  at  periods  ranging  from  thousands  to  tens  of  thousands 
of  years.  As  the  plates  move  away  from  the  ridge,  they 
carry  distinctive  magnetic  signatures  on  the  sea  floor.  The 
cause  of  the  reversal  is  not  known.  Second,  each  rhagnetic 
signature  can  be  dated  by  othet  means,  such  as  radioactive 
isotope  rock  dating  and  fossil  remains. 

Using  a  simplified  plate  structure.  Minster  and  Jordan 
|I97R)  estimated  the  relative  plate  motions  by  using  an 
averaging  interval  of  less  than  three  million  years.  Because 
any  motion  on  a  sphere  can  be  depicted  as  a  rotation,  plate 
motions  are  given  as  relative  rotation  vectors.  Each  vector 
gives  the  latitude  and  longitude  of  the  radial  axis  of  rotation 
and  the  angular  vcliK-ity.  Their  calculated  relative  rotation 
vectors  for  abutting  plate  pairs  arc  given  in  Table  23-1.  It 
must  be  remembered  that  these  poles  are  mathematical  and 
have  no  physical  expressions. 

In  addition  to  the  relative  movement  of  the  plates,  the 
entire  lithosphere  is  apparently  free  to  slip  around  on  the 
surface  of  the  earth  like  a  shell.  Mantle  plumes,  which  are 
theorized  to  be  areas  cf  hot.  upwelling.  mantle  material, 
appear  to  provide  a  stationary  reference  frame  for  the  es¬ 
timation  of  these  absolute  motions  (Morgan.  1972).  Mantle 
plumes  have  as  surface  manifestations  ItKalized  volcanic 
activity  such  as  that  found  in  Iceland  and  the  Hawaiian 
Islands.  As  a  plate  moves  over  a  plume,  the  active  center 
of  volcanisrii  appears  to  move  in  a  direction  opposite  to  that 
of  the  plate  motion  leaving  a  trail  of  extinct  volcanism  on 
the  plate,  for  example  the  Emperor  Seamount  Chain  off 
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ah>c  2}  I  ItkcationN  of  ptles  of  rotaiton  tor  relative  plate  motions  {Minster  and  Jordan.  I*^7K]. 
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Hawaii.  By  dating  the  volcanic  rtKks  at  various  places  along 
he  island  chain,  the  plate  motion  relative  to  this  so-called 
‘hot  spot  frame  of  reference"  can  be  determined.  The  ab- 
«>lute  rotation  vectors,  .'with  respect  to  the  rotation  axis  of 
he  earth)  as  determined  by  Minster  ard  Jordan  [  1978|  a.s- 
.uming  stationary  mantle  plumes,  are  shown  in  Table 
23-2 

Z3.5  .SHORT  PERIOD  MOTIONS 
SEISMOLOGY 

Seismology  is  commonly  defined  as  the  study  of  elastic- 
waves  that  propagate  through  the  earth,  the  study  of  their 
-ource.  and  ihe  ana'ysis  of  the  w  aves  to  der;rmine  the  phys¬ 
ical  prop<'rties  and  pr(K-esses  of  the  earth.  Although  seis¬ 
mology  is  classically  concerned  with  the  study  ol  earth¬ 
quakes,  It  has  expanded  to  include  the  study  of  anv  source 
>1  elastic  waves  ranging  from  nuclear  explosions  to  cultural 
ictix  ities  The  commi'n  characteristics  of  these  sources  arc 
he  generation  i>f  transient  signals  with  a  concentration  of 
.■nergy  at  rclatixcK  high  Ircquencics  as  compared  to  other 
.-arth  motions  such  as  solid  earth  tides. 


The  most  significant  class  of  clastic  wave  sources,  in 
terms  of  radiated  energy  and  frequency  of  occurrence,  is 
earthquakes.  An  caithquake  is  defined  as  the  sudden  release 
of  strain  energy  by  the  rupturing  of  rocks  in  which  the  strain 
energy  has  giadually  accumulated.  Although  additional 
mechanisms  such  as  instantaneous  volumetric  change  ac¬ 
companying  a  chemical  phase  transition,  ice  fractures 
tcryoseisms).  and  r>Kk  bursts  ha-  e  been  suggested  for  lim¬ 
ited  classes  of  earthquakes,  almost  all  earthquakes  can  be 
considered  rupture  type  events,  fracture  begins  at  one  point, 
spreading  over  the  fault  plane  at  a  rupture  velircity  of  2  to 
3  km/s.  As  the  niptua’  front  reaches  each  point,  the  abutting 
surfaces  break  and  slide  against  each  other.  The  vekKity  of 
the  particle  movement  on  either  side  of  the  fault  plane  is 
typically  on  the  order  of  I  to  2  m/s.  Note  that  two  priKesses 
are  at  work:  the  propagation  of  the  rupture  over  the  fault 
plane  and  als«>  relative  motion  tif  the  sides  of  the  fault.  In 
some  instances,  fault  rupture  has  stopped  on  one  branch  of 
a  lault  system  and  restarted  on  an  adjacent  preexisting  fault. 
This  behavior,  known  as  "incoherent"  rupture,  can  generate 
complexities  on  the  seismic  rc'-onlings  known  as  stalling 
and  slopping  phases  The  June  l%b  farktield  event  |Linilh 
and  Boore.  1981 1  is  an  example. 
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Table  .’.1-2  UxTatiims  iif  poles  of  'xilation  for  absolute  plate  motittns  |Minstcr  and  Jordan.  1978). 


Absolute  Rotation  Vector 

Error  Ellipse 

Plate 

0 

°N 

<|) 

°E 

deg 

deg/m. y. 

cr„ 

deg/m.  y. 

^max 

deg 

^max 

deg 

deg 

AFRC 

'  18.76 

33.93 

-21.76 

42.20 

0.139 

0.055 

S73°E 

40.40 

33.24 

AMtA 

21.85 

91.81 

75.55 

63,20 

0.054 

0.091 

N12°E 

93.01 

56.12 

ARAB 

27.29 

12.40 

-3.94 

18,22 

0.388 

0.067 

S76°E 

16.38 

12.11 

CARB 

-42.80 

39.20 

66.75 

40.98 

0.129 

0.104 

N30°E 

43.21 

23.90 

cocr 

21.89 

3.08 

-  115  71 

2.81 

1.422 

0.119 

S32°E 

3.35 

2.25 

EURA 

0.70 

124.35 

-23.19 

146.67 

0.038 

0.057 

se7°E 

151.10 

118.90 

INDl 

19,23 

6.96 

35.64 

6.57 

0.7)6 

0.076 

S25°E 

7.16 

5,97 

NAZe 

47.99 

9.36 

-93.81 

8.14 

0.585 

0.097 

S02°E 

9.37 

5.43 

NOAM 

-58.31 

16.21 

-40.67 

39.62 

0.247 

0.080 

S57“E 

23.12 

12.14 

PCFC 

-61.66 

5.11 

97.19 

7.V1 

0.967 

0.085 

S16“E 

5.23 

3.50 

SOAM 

-82.28 

19.27 

75.67 

85.88 

0.285 

0.084 

N03°E 

19.28  ' 

11. .38 

Earthquake  Ic  ration  is  described  by  the  following  con¬ 
vention:  the  actual  ItKation,  possibly  at  some  depth  below 
the  surface,  is  called  the  hypocenter  or  the  focus;  the  pro¬ 
jection  of  the  fiKus  onto  the  .;urface  of  the  earth  is  called 
the  earthquake  epicenter. 

Seismologists  measure  earth  motion  as  a  function  of  time 
with  seismometers  or  accelerometers.  See  Aki  and  Richards 
( l^80|  for  a  discussion  of  these  instruments.  A  typical  seis¬ 
mometer  is  a  veliKity  sensor  consisting  of  a  damped  pen¬ 
dulum  free  to  move  in  a  magnetic  coil. 


23.3.1  Seismic  Waves 

For  any  given  earthquake  source,  the  characteristics  of 
the  mechanism  of  faulting  (for  example,  focal  mechanism 
and  rupture  velocity)  will  determine  the  energy  distribution 
with  respect  to  frequency  and  the  radiation  pattern  of  that 
energy.  However,  earth  motions  prtxluced  by  any  seismic 
source  are  limited  to  only  four  categories  of  waves:  two  are 
body  waves  and  two  are  surface  waves  |Bath,  197.^1.  Body 
waves  propagate  through  the  earth  w-hile  surface  w'aves 
propagate  along  the  surface  of  the  earth.  The  first  type  of 
body  wave  is  the  compressiona>  or  dilatational  wave,  des¬ 
ignated  as  the  P-wave.  C  primary"  or  "pressure")  and  the 
second  is  the  S-wave  ("shear"  c'  "secondary").  The  P-wave 
is  analogous  to  an  acoustic  pressure  wave  with  particle  mo¬ 
tion  parallel  to  the  direction  of  propagation  as  indicated  in 
Figure  2.)-8.  For  the  S-wave.  particle  motion  is  perpendic¬ 
ular  io  the  direction  of  motion.  The  veIcKities  of  these  waves 
are  given  by 


V  =  „  =  V - 


X.  -r  2p. 


(K  -b  (dp/.l) 


\ 


IBullen.  19651 


where  is  the  P-wave  velo'rity,  V,  is  the  S-wave  velocity, 
p  is  the  material  density,  k  :s  the  bulk  modulus,  p.  is  the 
shear  modulus,  and  \  is  the  Lame  parameter.  Vp  is  always 
greater  than  V..  For  liquids,  the  value  of  u  is  zero  implying 
that  S-waves  can  not  propagate  through  liquids.  Typical 
velocity  ranges  for  earth  materials  are  given  in  Table  23-3 
ICrowford,  1974). 

A  typical  simplifying  assumption  of  .seismology  is  that 
the  variation  of  seismic  properties  within  the  earth  can  be 
approximated  by  horizontal  layers  or  ra.ii  .il  shells  of  uniform 
physical  properties.  For  flat  layers,  the  path  of  body  waves 
through  the  medium  can  be  approximated  by  optical  ray 
theory  or  Snell's  law;  sin  i/V  =  P,  where  i  is  the  angle  of 
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Figure  PnipatMlitHial  irunles  fi'r  v.avcs  traveling  ah>nu  a  si  ih  (as 

.seen  tVum  ?hc  sidt.',(a)arii]  above,  (b) 
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fahlc  2.^-.'  Typical  seismic  vcKicitics 


ncidcnce  of  a  ray  at  the  interface.  V  is  the  appropriate 
'eltK'ity  for  P  or  .S  wave,,  and  p,  the  ray  parameter,  is  a 
onstapt  along  the  ray  path.  A:  each  interface,  an  impinging 
^  or  S  wave  can  generate  both  reflected  and  transmitted  P 
ind  S  waves  Thus.  ttie  p<itential  patiis  over  which  body 
vave  energy  can  travel  fiom  the  source  to  the  point  of 
ibservation  grow  quickiy  with  an  ir. reusing  number  of  lay- 
rs.  Over  many  paths,  however,  insufficient  energy  is  trans- 
nitted  to  define  a  distinct  arrival  at  the  observation  point. 

Tiiere  is  a  standard  methtxi  for  identifying  body  waves 
s  they  pa,,  through  the  earth.  Sec  Richter  |  and  Ben- 
denahem  and  Singh  |  I98I  |  for  a  co  nplcle  discussion. 
Briefly  the  convention  is 
P  P-wave 

S  S-wavc 

PP  P-wave  reflected  once  by  the  surface 

SS  S-wave  reflected  once  from  the  surface 

PPP..  .SS.''  ..  .V'luliiply  refleeted  Ps  or  Ss 
SP  S  wave  reflected  by  surface  changed  into 

P  wave . 

r.SPS...  Reflected  wave  whi  th  changed  on  refle,  - 

ti('n  into  P  or  S 

Wave  IS  t.ansmitied  through  outer  core 
(no  shear  wave  in  liquid  outer  core)  hx- 
amplir.  PKP 

I  VVavc  p.  ,  through  inner  core 

c  .  Wave  refloew  off  outer  core 

j  Wave  reflects  -ff  inner  core 

p.s.  pP.vS  .  Depth  phase  p  and  s  waves  travel  up  to 
the  surface  from  deep  focus  earthquakes. 
Bxampie:  pP.sS 

hesc  svmbojs  arc  combined  to  uniquely  describe  the  wave 
jXt  and  path  .Sever.il  of  !hi. .>e  wave  an.'  sh.iwn  in  Figure 
^-0  The  la-.!  ph.i-.cs  listed,  the  depth  phases,  are  inip<:rtant 
ir  determining  tbs  depth  of  an  eanhijuuke.  Seismie  waves 
av  cl  from  a  IbcU'  in  y|f  direction':  when  an  event  occurs, 
vie  of  the  r;;\ '  'ru'  I  up  to  (he  surfaee,  then  reflect  (!<.>wTi 
a.d  into  the  familiar  P  or  S  natle''ns  .Since  the  ve'oe  il>  of 
Mpai’alio:;  is  known,  the  .arrival  tinie  delay  on  a  seismo- 
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fram  bcn»c«ii  a  pP  and  P  for  example,  will  be  a  funcium 
of  the  dcpthi. 

In  atIdiCHKi  to  rcHc.tiiMt  and  tranvmissitm.  seismic  htxis 
wave  can  undergo  ivlraction  urK<  dillraction.  Because  of 
dillrA'tion  aNnii  the  coa*.  for  example,  a  certain  distance 
lanjte  on  the  surtace  of  the  earth  fnmi  the  source  will  ex¬ 
perience  a  "shadow  /one"  in  which  direct  waves  cannot  he 
detected  I Kieurc  2.1- lOi 

Surface  waves  observed  on  the  free  surface  of  tlie  earth 
arc  either  Love  iLi  or  Rayleigh  (Ri  waves.  The  particle 
moiHin  of  Love  waves  is  perpendicular  to  the  pnipagation 
directHW  and  in  t!ic  plane  of  the  surface,  while  Rayleigh 
waves  have  retnvgrade  elliptical  particle  motion  in  the  ver¬ 
tical  plane  of  pnipagatkin  ( Figure  2.^-K )  The  particle  motion 
decreases  with  depth  as  a  function  of  frequency,  with  longer 
permds  sampling  greater  depths.  Thus,  the  veliKity  of  sur¬ 
face  waves  IS  a  functHm  of  the  period  of  the  wave  and  of 
the  veliK'ity  structure  of  the  earth  idispcrsn>ni.  In  general. 
Love  wave  velocities  are  higher  than  Rayleigh  wave  vcloc- 
ilic*s  and  the  veliK-ity  of  long  period  waves  are  faster  than 
shvirt  period  surface  waves  In  Figure  2.f-l  I  typical  Rayleigh 
and  Love  -cave  phase  velocities  (ihe  velocities  at  which 
distinct  frequency  waves  travel!  are  shown  for  several  geo¬ 
logic  striK'iures  IBrune.  Idbq|. 

A  typical  seismogram  recording  will  show  the  following 
characteristics.  The  tirsi  signal  to  arrive  will  he  P-waves 
(including  dinxt  P.  pP.  PP.  etc.  I  which,  in  a  general  layered 


medium,  will  arrive  at  the  receiver  over  different  paths. 
ITtis  packet  will  he  followed  by  S-Waves.  also  arriving  along 
different  paths.  Next,  the  laive  wave  will  appear  with  longer 
periods  arriving  first.  The  frequency  of  Love  waves  becomes 
higher  and  the  later  laive  waves  overlap  the  long-pcriixl 
Rayleigh  wave  arrivals  Short-period  Rayleigh  waves  arrive 
last  Many  arrivals  in  the  seismogram  ran  be  idemitied  with 
distinct  paths  through  the  earth;  hence  the  nomenclature  for 
these  distinct  signals  has  been  developed.  The  travel  times 
of  these  arrivals  are  well  known  as  functions  of  event  depth 
and  distance  frxini  the  observation  point.  By  fitting  the  arrival 
times  of  these  phases  at  a  number  of  stations  to  the  known 
travel  time  cur/es  for  each  phase,  the  epicenter,  depth,  and 
origin  time  of  a  seismic  event  can  he  determined. 

Earthquakes  rw  large  explosions  radiate  surface  waves 
in  all  directions  with  amplitudes  that  depend  on  the  radiation 
pattern  |Bcn-Menahem  and  Singh.  1981).  Most  commonly 
observed  are  surface  waves  that  travel  the  shortest  are  of  a 
great  circle  between  source  and  station.  Large  events  ptissess 
sufficient  energy  so  that  surface  waves  traveling  the  long 
arc  are  also  recorded.  Surface  waves  from  the  largest  earth¬ 
quakes.  for  example  the  1 960  Chilean  shock .  can  be  detected 
after  multiple  trips  around  the  globe.  Important  information 
on  earthquake  source  parameters  and  the  deep  inferior  of 
the  earth  can  be  glcanrd  by  studying, the  velocity  and  am¬ 
plitudes  of  these  waves  See.  for  example.  Kanamori  1 1970| 
and  Kanamori  and  Cipar  1 1974|. 
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tijiurc  1 1  R.i\lciyh  I R  \  jnd  l.nve  (Ij  >kavc  phase  scUk'Hv  (K>W  ikHs  and  dashes »  and  j2n>up  vclocily  (sniali  d«Hs  and  dashes)  eiirves  fi»r  vantnis  cnisial 
strueiures  (Brune. 

Surface  w.avo'<  have  been  described  above  as  traveling  respectively.  Such  line  spectra  exhibit  line  broadening  due 
o\er  the  surface  of  the  earth.  Alternatively,  the  motion  of  to  earth  rotation,  damping,  and  non-symmetrical  earth  strue- 

the  earth  following  a  giant  earthquake  can  be  pictured  as  ture.  IX’tails  of  spectral  amplitudes  are  diagnostic  of  the 

superimposed  fundamental  and  higher  mtxle  oscillations.  source  privesscs  of  the  giant  earthquakes  which  generate 

analogous  to  those  pnxiuced  by  the  ringing  of  a  bell.  These  these  motions  The  l.twest  order  free  oscillations  sample  the 

free  oscillations,  in  effect  standing  waves,  can  be  detected  entire  earth  (the  lowest  spheroidal  oscillation  has  a  periixl 

up  to  seseral  days  following  a  large  earthquake  A  line  of  S'  minutest  and  thus  are  diagnostic  of  the  structure  of 

spectrum  of  a  long-period  horizontal  scistra'gram  exhibits  the  deep  interior. 

both  torsional  and  spheroidal  oscillations,  which  are  the  free  ,  No  discussion  of  wave  propagation  is  complete  without 

oscillation  representations  of  Love  and  Rayleigh  waves.  mention  of  attenuation  effects.  Basically,  there  are  two  pro- 
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cesses  at  work.  The  geometric  spreading.'  is  an  inverse 
square  function  of  the  distance  from  the  source,  analogous 
to  the  falloff  of  gravity  as  l/r^  where  r  is  the  distance.  This 
occurs  because  the  area  at  distance  r  subtended  by  a'  steradian 
(solid  angle)  is  proportional  to  r^.  The  second  type,  called 
intrinsic  attentuation  or  internal  friction,  is  a  function  of  the 
distance  from  the  source  and  the  wavelength  of  the  wave, 
that  is.  the  number  of  cycles  traversed  Over  the  distance. 
Some  of  the  causes  of  anelastic  damping  are  changes  in 
internal  vibrational  energy  in  the  molecules,  coulomb  force 
(friction)  effects  on  the  particles  as  a  result  of  the  physical 
interaction,  viscous  damping,  and  mechanical  damping  dur¬ 
ing  the  acceleration  of  the  particles.  The  energy  is  dissipated 
in  the  form  of  heat.  The  form  of  the  expressions  in  the 
equations  for  the  anelastic  damping  factor.  Q.  varies  and 
the  reader  should  refer  to  one  of  the  standard  texts,  for 
example.  Aki  and  Richards  [i980|.  for  details.  Cknerally. 
a  high  value  of  Q  connotes  low  attenuation  and  vice  versa. 

23.3.2  Earthquakes 

23J.2.I  Spatial  Distribution.  On  a  worldwide  scale,  the 
distribution  of  earthquakes  is  not  random.  The  vast  majority 
of  earthquakes  occur  along  plate  boundaries  (Figure  23-12) 
where  relative  motions  of  the  plates  produce  large  stress 
concentrations.  The  depths  of  earthquakes  range  between 
the  surface  of  the  earth  and  about  700  km.  Earthquakes 
occurring  away  from  consuming  plate  boundaries  (at  trans¬ 


form  boundaries  and  at  cxtcnsional  mareinsi  arc  generally 
shallow  with  depths  less  than  .3.'''  km  .■Xi  suhduction  /ones 
the  whole  range  of  depths  can  tv  seen  in  a  distinct  pattern. 
At  the  trench  side  of  the  margin,  the  depths  are  shallow, 
increasing  away  fmm  the  trench  an*l  under  the  osemding 
plate.  The  ftval  depth  increases  w  ith  the  depth  of  penetration 
of  the  subducting  plate  into  the  asthenosphere 

In  California,  where  almost  all  majiv  and  minor  fault 
rones  arc  well  mapped,  most  earthquakes  can  be  asstviared 
with  pre-existing  fault  /ones.  'ITiis  is  readily  explained  by 
the  fact  that  a  pre-existing  fault  represents  a  zone  of  weak¬ 
ness  in  the  crust  where  stresses  accumulate  and  lower  stress 
coiventiations  arc  required  to  cause  rupturing.  In  other  re¬ 
gions  away  from  major  plate  htnindanes.  such  as  New  Eng¬ 
land  or  the  Central  Mississippi  River  Valley,  the  patterns 
of  earthquake  tvcurrence  are  less  clear.  In  these  regions  the 
lack  of  surticial  expression  of  faults  due  to  the  thickness  of 
soil  and  alluvial  coverage  over  bedixvk  and  the  lower  tem¬ 
poral  rate  of  tvcurrence  of  earthquakes  tends  to  prtxluce 
nnore  diffuse  patterns  of  scisir.ic  activity. 

23.3.2.2  Measurcmeikt.  The  size  of  an  earthquake  can 
be  described  by  its  epiccntral  intensity,  magnitude,  and  se¬ 
ismic  moment.  In  mtxicm  seismological  practice,  magnitude 
*s  the  mesi  commonly  reptrrted  measurement. 

intensity  of  shaking  is  a  measure  of  the  damage  effects 
produced  by  an  earthquake  at  a  specific  livation.  The  max- 
imuir.  damage  usually  occurs  in  the  epiceninl  region  and 
this  intensity  is  assigned  to  an  event  for  purposes  of  com- 
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paristm.  Several  inienvity  vcalcv  have  been  developed;  the 
moN(  commonly  uved  in  ihe  I'niied  Siaics  is  the  Mixlilied 
Mercalli  InienMiy  Scale  Table  2T-4  devcrihes  Ihe 

inlensiiiev.  typically  shown  as  Roman  nunKTalv.  Fhe  MMI 
ranges  from  I  to  XII.  with  XII  being  the  maximum  intensity 
that  can  he  assigned  io  an  event.  While  intensity  scales  have 
been  superseded  by  rmire  quantitative  measures  of  earth¬ 
quake  si/c  based  on  insirunKntal  mcordings.  they  are  es¬ 
sential  in  companng  the  si/e  of  historical  earthquakes  with 
m<idem  events.  There  are  fevv  insirunx.-ntally  recorded  events 
prnir  to  about  192.^.  but  accounts  of  damage  from  earth¬ 
quakes  have  bc^en  published  by  journals  in  the  past  with 
suflicient  detail  to  assign  an  intensity  and  an  approximate 


epicenter.  Magnilude-versus-intensiiy  relationships  can  be 
Used  to  construct  an  earthquake  history  of  an  area.  Using 
report..'  of  intensity  at  different  distances  fnim  the  same 
event,  attenuation  of  ground  nHituHi  with  distance  can  he 
examined  This  infnrmation  is  particularly  valuable  in  areas 
such  as  Cape  Ann.  Mass..  Charlestown.  S.C..  and  Now 
Madrid.  Mo  that  have  experienced  large  earthquakes  in  the 
past  but  currently  exhibit  low  seismicity.  A  drawback  of 
this  system  is  that  level  oi  shaking,  level  of  panic,  and  so 
forth  are  subjective.  luKal  damage  levels  are  functions  of 
the  size  of  an  earthquake  and  of  several  variable  factors 
such  as  construction  quality  in  the  area,  geological  finin- 
dation  characteristics.  p«ipulation  density,  and  the  scientific 


designed  structures;  some  chimneys 
broken.  Noticed  by  persons  driving 
motorears.  (VIII  Rossi-Forel  scale.  I 
Vlil,  Damage  slight  in  specially  designed 
structures;  considerable  in  ordinary 
substantial  buildings  with  partial 
collapse;  great  in  por.rly  built  structures. 
Panel' walls  thrown  out  of  frame 
structures.  Fall  of  chimneys,  factory 
stacks,  collumns.  monuments,  walls. 

Heavy  furniture  overturred.  Sand  and  mud 
ejected  in  small  amounts.  Changes  in  well 
water.  Persons  driving  motorcars  dis*Mrbcd. 
'(VIII  +  to  IX  -  Rossi-Forel  scale.) 

IX.  Damage  considerable  in  specially  designed 
structures:  well-designed  frame 
structures  thmw  n  out  of  plumb;  great  in 
substantial  buildings,  with  partial 
collapse.  Buildings  shifted  off 
foundations.  Ground  cracked 
conspicuously.  Underground  pipes 
br'vken  (IX -s  Rossi  Forel  scale.) 

X.  Some  well-built  wiHidcn  structures 

destroyed;  most  masonry  and  frame 
structures  destroyed  with  foundations; 
ground  badly  cracked.  Rails  bent. 
Landslides  considerble  from  nverbanks 
and  steep  slopes.  Shifted  sand  and  mud. 
Vv'ater  splashed  (slopped)  over  banks. 

(X  Rossi-Forel  scale.) 

,XI  Few.  If  any  .  (masonry)  structures  remain 
standing.  Bridges  destnryed.  Broad 
(issues  in  ground.  Underground  • 
pipelines  complelcTy  out  of  service, 
harth  slumps  and  land  slips  in  soft 
giound  Rails  bent  greatly. 

XII  Damage  total  Wav  es  seen  on  gri>und 

surf  aces  Lines  ivf  sight  and  level  distorted 
Ob  jeels  throw  n  upw  ard  into  air 


Table  -.t-4  SttsJilicU  Mersjlli  mlcnsilv  veak*  of  Ott 

I.  N<*l  felt  except  by  a  very  few  under 

specially  favorable  circumstances,  (1 
Rossi-Fvrrel  scale.) 

II.  Felt  only  by  a  few  persttns  at  rest. 

especially  on  upper  flimrs  of  buildings. 
Delicately  suspended  objects  may 
swing  (I  to  II  Rossi-Forel  scale.) 

III.  Felt  quite  noticeably  indiMirs.  especially  on 

upper  flovvrs  of  buildings,  but  many 
people  di>  not  recognize  it  as  an 
earthquake.  Standing  motorcars  may 
iXKk  slightly.  Vibration  like  passing  of 
truck.  Duration  estimates.  (Ill  Rossi- 
Forel  scale  ) 

'  IS'.  During  the  day  felt  indvnvrs  by  many, 
outdixrrs  by  few .  At  night  some 
awakened.  Dishes,  windows.  dvKvrs 
disturbed;  walls  make  creaking  sound. 
Sensation  like  heavy  truck  striking 
building.  Standing  motorcars  nkked 
n'Miceablv  (IV  to  V  Rossi-Forel  scale  ) 
V.  Felt  by  nearly  everyone,  many  awakened. 
.Some  dishes,  windows,  etc  .  brvikcn.  a 
few  instances  of  cracked  plaster; 
unstable  objects  overturned. 

Disturbances  of  trees,  poles.  ;  nd  either 
tali  objects  sometimes  noticed 
Pendulum  cKkIvs  may  stop.  ('•'  to  VI 
Rossi-Forel  scale  I 

.  VI  Felt  by  all.  many  frightened  and  run 

outdiHirs.  .Some  heavy  fumituie  moved; 
a  few  instances  of  fallen  plaster  or 
damaged  chimneys.  Damage  slight,  (VI 
to  \'ll  Ros^^  Forel  scale.  i 
VII  FveryNnly  runs  outdoors.  Damage 

negligible  in  buildings  of  gexid  design 
I  and  construction,  slight  to  moderate  in 

:  well-built  ordinarv  structures: 

!  considerable  In  pixirly  built  or  badly 
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inieprity  of  the  obNer\er.  If  population  is  sparse  in  the  cp- 
icentral  area,  reports  ol  the  maximum  damage  may  he  miss¬ 
ing.  thus  underestimating  the  si/c  of  the  event  or  mishKating 
tiv  epicenter.' 

Because  of  these  probiems.  data  used  to  compile  rela¬ 
tionships  of  intensity  to  quantitative  measures  of  earthquake 
size  such  as  peak  acceleration  or  magnitude  are  derived  fn>m 
scattered  data  sets.  A  potentially  more  informative  intensity 
parameter,  earthquake  felt  area,  is  often  computed.  It  is 
defined  as  the  area  enclosed  by  a  particular  "isoseismal" 
line.  These  lines  are  contours  of  intensity  data  drawn  around 
an  epicenter.  Felt  area  is  usually  computed  to  the  transition 
between  intensity  III  to  IV  or  II  to  III. 

The  magnitude  of  an  earthquake  is  calculated  frorti  an 
instrumental  measurement  of  the  amplitude  of  a  specified 
wave  packet,  such  a.s  body  waves  or  surface  waves.  The 
general  form  is  M,  =  (k>g|/^lorlog  At  Cp  +  C,  +  C,. 
where  M  is  the  magnitu^.  x  is  'he  subscript  that  identifies 
the  type  of  magnitude.  A  is  amplitude.  T  is  the  period  of 
the  waves  (equal  to  approximately  I  s  for  body  waves.  20 
s  for  surface  waves),  Cp  is  the  corrcctiim  factor  whereby 
stations  at  all  distances  theoretically  calculate  the  same  mag¬ 
nitude  for  an  event  (a  functum  of  the  depth  of  the  event  and 
the  epicentral  distance  to  the  event  from  the  station).  Q  is 
a  correction  factor  for  local  conditions  and  C,  encompasses 
regional  correction  factors  allowing  for  effects  of  recording 
site,  wave  path,  and  fiK'al  mechanism  (Willmorc.  I979|. 
As  can  be  seen  from  the  above  representation,  earthquake 
magnitude  is  a  logarithmic  scale  so  that  a  change  of  one 
unit  of  magnitude  roughly  represents  a  change  of  a  factor 
of  10  in  actual  ground  motion. 

The  concept  of  magnitude  was  developed  by  Richter  in 
the  I9.t0's  forCalifomia  earthquakes  and  has  been  expanded 
for  other  areas  and  different  wave  packets  by  Richter  and 
many  others.  Among  the  most  common  magnitudes  used 
today  are  liKal  magnitude  (M, ).  the  original  scale  proposed 
by  Richtef  (M).  tcicscismic  body  wave  magnitude  (nv).  and 
surface  wave  magnitude  (Ms). 

Due  to  many  factors,  the  magnitude  determined  for  each 
scale  usually  will  not  be  identical  for  a  given  earthquake. 
The  shape  of  the  seismic  wave  spectrum  is  generally  flat 
up  to  some  "comer  frequency"  after  which  tne  amplitude 
decays  The  level  of  the  flat  portion  is  a  function  of  the  si/e 
of  an  earthquake:  generally  the  larger  the  earthquake,  the  . 
larger  the  amplitude  of  the  spectrum  at  a  given  frequency. 
This  is  why  m^  and  M,  magnitudes,  which  are  measures  of 
the  amplitudes  at  specific  frequencies,  are  used  to  measure 
si/e  However,  the  comer  frequency  moves  to  lower  fre¬ 
quencies  and  longer  periixfs  as  the  si/c  of  the  earthquake 
increases.  Thus  the  relationships  between  magnitude  scales, 
besides  being  almost  completely  empirical,  are  often  non¬ 
linear  .Mathematically,  there  is  no  upper  limit  to  the  earth¬ 
quake  magnitude  scale:  however,  because  of  this  shift  in 
corner  frequency,  the  si/e  of  an  earthquake  can  get  increas¬ 
ingly  larger  with  a  smaller  and  smaller  increase  in  M.  as 
discussed  by  Chinnery  1I97.''|.  This  effect  is  called  satu¬ 


ration  of  the  magnitude  scale.  Ihc  highest  magnitude  ever 
evaluated  is  K  qM.  for  an  event  near  Japan  on  2  March 
19.t.t,  This  event  approached  the  theoretical  maximum  mag¬ 
nitude  based  on  the  strengths  of  rocks.  C)n  the  lower  end 
of  the  scale,  the  "‘nsitivity  of  the  instruments  and  the  dis¬ 
tance  fn>m  the  event  are  the  only  limiting  values  with  neg¬ 
ative  magnitudes  being  determined  for  svime  events  detected 
at  very  close  range,  Appmximate  relativxiships  between  tlsese 
scales  have  been  determined  by  several  authors  |for  ex¬ 
ample.  Nuttli.  1979;  Bath.  I97.^|.  Examples  of  such  em¬ 
pirical  rclatiimships  arc  nv  =  1.7  -*-  O.KMi  -  0.01  Mt‘ 
and  nv  =  0..S6M.  2.9 

l-ocal  magnitude  is  strictly  dcHned  only  for  Caliiomia. 
or  places  with  very  similar  attenuation  characteristics,  while 
the  body  wave  and  surface  wave  magnitudes  are  applied  on 
a  worldwide  basis.  A,  common  mistake  found  in  the  liter¬ 
ature.  especially  in  engineering  studies,  is  to  combine  all 
magnitudes  or  to  simply  a.ssume  they  arc  all  the  same.  Such 
a  practice,  as  indicated  by  the  relationships  above,  can 
completely  invalidate  the  study.  Even  though  some  reports 
and  agencies  may  simply  quvite  "Magnitude"  or  “Richter 
Magnitude",  care  should  be  taken  to  understand  how  the 
magnitude  was  calculated.  Richter  magnitude  often  means 
"M| "  up  to  M  =  6.0  and  "Ms"  above  M  =  6.0.  Improper 
discrimination  of  magnitude  types  causes  major  problems 
in  communication  and  comparison  of  data,  for  example 
the  estimation  of  maximum  credible  earthquakes  in  specific 
regions. 

Relationships  between  magnitude  and  intensity  have  also 
been  developed  and  these  functions  have  strong  regional 
dependencies  jBrazee.  I976|.  For  the  Western  United  States, 
the  relation  between  maximum  intensity.  I„.  and  body  wave 
magnitude  is  m),  =  2.886  -t-  0..WI,,.  while  for  the  Central 
United  States  the  relation  is  ms  =  2.607  -t-  0.341  l„.  The 
importance  of  this  regional  variation  and  the  difficulties  of 
using  intensity  scales  for  determination  of  earthquake  size 
are  demonstrated  by  comparing  the  1906  San  Francisco 
earthquake  and  the  1 8 1 1  - 1 8 1 2  New  Madrid  earthquakes 
INuttli.  197.^1  The  San  Francisco  earthquake  probably  had 
a  higher  magnitude  than  any  of  the  New  Madrid  earth¬ 
quakes.  However,  due  to  regional  differences  in  seismic 
wave  attenuation,  the  San  Francisco  earthquake  was  felt 
over  an  area  less  than  one-tenth  of  that  for  the  largest  of 
the  Nevv  .Madrid  scries  of  events.  This  is  the  result  of  lower 
seismic  wave  attenuaiion  in  the  Central  and  Eastern  United 
States  than  in  California.  Attenuation  will  be  discussed  fur¬ 
ther  in  the  section  on  seismic  hazard  (Section  2.1. 3, 2. .S). 

The  seismic  moment  (.M,,)  of  an  earthquake  is  defined 
as  the  product  of  the  rigidity  (p.i.  the  average  offset  along 
the  fault  (D)  and  the  area  of  the  fault  (S)  [Kanamori.  19771. 
It  is  usually  calculated  in  units  of  dyne-cm.  W'hcn  these 
parameters  are  not  directly  observed,  spectra!  analysis  and 
speculation  must  be  used.  This  measurement  of  earthquake 
si/e  is  closer  to  describing  the  physical  dimensions  of  a 
rupture  then  other  kinds  of  measures  (I,,.  MMI.  M)  Relative 
to  earthquake  magnitude,  which  is  systematically  calculated 
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by  varitMiN  imrnuiUNMl  agcncic\  such  as  the  InicrmttHwal 
SeiMntik>{!K'al  Centre  in  Kdinbur^z.  twly  a  han«Ji'ul  of  nvv 
ments.  mostly  for  larger  esents.  have  been  (ktemaneJ  A 
new  type  of  magnitude  based  on  the  strain  energy  dn>p  tthe 
moment)  has  Nxn  computed  for  some  events.  It  was  de- 
veKsped  by  KananHiri  !l'^77|  and  is  detined  by  log 
W,,  =  I.5M,  +  1 1  .K  where  W.,  is  the  minimum  strain  en¬ 
ergy  drop  and  M.  is  the  rmtment  magnitude.  This  magnitude 
scale  circumvents  the  problem  of  saturation  of  M.  that  was 
discussed  earlier  in  this  section.  The  great  Chilean  earth¬ 
quake  had  an  M.  of  9  hut  an  M.  of  only  H..f. 

There  aa*  numerous  magnitude  scales  developed  for  use 
with  events  t«>  small  to  he  recorded  teleseismically  (deti- 
nitions  of  this  term  vary;  here  l()00  km  is  considered  the 
cutrrff  distance).  Measurement  of  such  events  presents  a 
problem  because  the  recordings  arc  heavily  influenced  by 
the  path  through  the  crust. 

23.3.2.3  Focal  McchanbiiH  and  Fault  Plane  Solutions. 

•Another  common  Uml  used  to  understand  the  nature  of  earth¬ 
quakes  is  the  fault  plane  solution.  This  is  determined  quan¬ 
titatively  by  a  special  plot  of  (he  polarity  of  the  tirst  motions 
of  seismic  waves  recisTded  at  all  stations  where  the  first 
motion  is  readable.  Figure  2.^-1.^  shows  examples  of  the 
three  main  kinds  of  fault  motion;  thrust,  normal  and  strike 
slip.  Thrust  faulting  iK'curs  when  two  fault  bkx'ks  arc  pushed 
together  attd  the  overhanging  wall  rises  over  the  fix>t  bkx'k 
wall  Normal  faulting  ixcurs  when  blcKks  arc  pulled  apart 
(tension)  and  one  bkxk  drops  down.  Strike-slip  faulting 
occurs  when  two  fault  bkxks  slide  past  each  other.  The 
strike  of  the  fault  (the  angle  the  fault  plane  makes  with 
north)  and  the  dip  (the  angle  that  the  fault  plane  makes  with 
the  surface)  are  easily  read  off  these  plots,  There  is.  how¬ 
ever.  an  ambiguity  over  which  lixal  plane  is  the  fault  plane. 
This  must  be  resolved  either  thmugh  surfleial  expressions 
of  the  fault  or  knowledge  of  the  tectonic  regime.  Figure 
2.f-l4a  shows  how  a  fault  plane  solution  is  constructed  for 
thrust  or  normal  faulting.  Basically,  it  represents  a  projec¬ 
tion  of  a  hemisphere,  usually  a  lower  hemisphere,  centered 
about  the  fixus  of  the  earthquake  onto  a  plane.  The  angles 
of  incidence  of  the  seismic  wa'  cs  leaving  the  scene  of  an 
earthquake  to  recording  stations  have  been  calculated  for 
various  distances.  Compressional  or  dilatation-l  vaves 
reaching  a  station  are  cixled  on  a  plot  (solid  circles  for 
comprersional.  open  circles  for  dilatational).  Frx'al  planes 
are  drawn  div.Jing  compressional  and  dilatational  regions, 
with  the  stipulation  that  the  planes  arc  mutually  perpendic¬ 
ular  Figure  2-^-l4b  shows  the  rationale  fo'  toe  character¬ 
istics  of  the  strike-slip  faiih  plane  solutii'n  These  faults  arc 
often  described  as  "right  lateral"  or  "left  lateral".  This  means 
that  if, the  ground  on  the  opposite  side  of  a  fault  from  an 
observer  (Hov>-s  to  the  right,  the  fault  is  said  to  be  right 
lateral;  if  it  moves  to  the  left,  left  lateral  (Figure  21-1.*'). 
Faults  can  also  exhibit  coniHinalions  I'f  the  nu'lions  de¬ 
scribed  in  this  section. 
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SlOe  VIEW  OF  thrust  fault 
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23.3.2.4  Temporal  Distribution.  The  rale  of  earthquake 
ixTcurrence  has  been  found  to  be  deset  ibed  approximately 
by  the  function  log  N  =  a  -  bM,  whea*  N  is  the  nember 
of  earthquakes  of  magnitude  M  per  unit  time.  For  the  eiitire 
earth  from  the  period  I ‘MS  to  1964  the  constants  of  this 
equation  have  been  found  :  ■  n.*  a  =  S.7.f  and  b  =  1,15, 
where  N  is  the  number  of '.sents  per  year  based  on'earth- 
quakes  in  the  range  of  6  (•  lO  S.9M  |  Bath.  I97.f  |.  Recuaence 
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fault  plane 
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curves  of  this  hirm  are  useful  for  areas  as  small  as  l(T*km'. 
The  slope',  or  h- value,  of  the  curve  is  normally  found  to  lie, 
between  0.5  and  1.5.  It  is  not  clear  whether  the  variations 
are  caused  by  scatter  or  arc  indicators  of  the  seismic  prtv 
cesses  in  a  region.  The  value  of  "a”  is  highly  variable, 
however.  Obviously  regions  of  high  seismic  activity,  such 
as  stHithem  California,  have  higher  "a"  values  than  less 
seismically  active  regions,  such  as  New  England. 

23.3.2.5  Hazard  Evaluation.  Stnmg  gnxind  motions  from 
earthquakes  constitute  a  great  threat  to  facilities  near  the 
causative  fault.  Eiarthquakes  capable  of  producing  strong 
ground  motions  have  been  recorded  in  almost  every  stale 
of  the  United  Slates  iFigurc  13-16).  Two  approaches  have 
been  developed  by  seismologists  lo  estimate  potential  strong 
ground  motion  levels  at  particular  sites.  The  deterministic 
methtid  attempts  it)  predict  the  maximum  ground  mtition 
possible  while  the  probabilistic  approach  predicts  the  like- 
lihtxMi  that  a  given  gn)und  motion  will  occur  over  some 
specihed  period  of  time.  The  two  methods  need  not  be 
mutually  independent.  The  most  physically  realistic  mtrdel 
would  ideally  incorporate  elements  common  to  both. 

The  deterministic  approach  to  seismic  hazard  ev  iluation 
require.  .  knowledge  of  faults  in  the  vicinity  Iradius  of  100 
km  or  more)  of  the  facility.  In  general,  faults  that  have 
shown  any  activity  during  the  Quaternary  (past  two  million 
years)  aa'  considered  capable  of  sustaining  seismic  activity. 
An  estimate  is  made  of  the  maximum  length  of  each  fault 
that  could  rupture  in  one  earthquake  and  this  value  is  used 
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Figure  2.VI6  Mtfxiimim  etfth^uukcirMvnsKK'N  ihniughi'ut  the  I’niKxl  Sialo  t'nnn  lo  1973  (Bra/cc.  1976) 


to  evaluate  a  maximum  credible  earthquake,  that  is.  the 
larger  earthquake  with  a  reasonable  chance  of  tKcurring  on 
the  given  fault.  The  evaluation  is  done  using  any  of  several 
empirical  equations  relating  tnagnitude  to  maximum  fault 
rupture  length  I.SIenimons,  197"'!  One  equation  of  this  form 
is  M|  =  5.4  +  1,4  Ia)g  L.  rr  --  (1.26,  where  L  is  the  length 
of  the  fault  in  kilometers  IGreensfelder.  !974|  This  phase 
t>f  the  deterministic  approach,  estimating  the  maximum  pos¬ 
sible  earthquake,  is  the  most  difhcult.  Often  the  length  of 
the  fault  IS  unknown  and  estimates  of  magnitude  of  past 
events  from  geological  examination  of  fault  offsets  do  not 
always  yield  unique  values.  When  the  estimation  is  made, 
strong  greund  motions  at  a  site  can  then  be  evaluated  using 
empirical  relations  between  magnitude,  distance,  acceler¬ 
ation.  velocity,  or  displacement.  A  compilation  of  various 
relationships  can  be  ft/und  in  McGuire  1 1976|  Caution  must 
be  u'  d  however  in  selecting  a  set  of  equations  since  they 
are  not  all  valid  worldwide;  stmte  were  developed  for  spe¬ 
cific  areas,  such  as  California.  One  set  of  equations  of  this 
type  is 


Ina.  =  6,16  +  0  645M,  -  l..^tR  +  25) 

Inv,  =  1  6.4  -  0.92 1 M,  -  I  2tR  +  25) 

Ind,  ^  O  .W  +  ().99M,  -  0.88(R  +  25». 

where  a.,  and  d.  are  the  site  acceleration,  velocity,  and 
displacement.  M|  is  the  event  magnitude,  and  R  is  the 
distance  from  the  fault  to  the  site  in  kilometers.  Note  that 
these  equations  are  valid  only  for  rtick  sites  in  the  western 
United  Slates.  A  modilied  acceleration  function  for  the  cen¬ 
tral  United  .Stales  is  given  by  Battis  ( |98 1 );  In  a.  =  3. 155 
-t-  l.24t)m^  -  1.244  IntR  -t-  25 1.  Further  modification  of 
these  equations  is  required  to  compensate  for  local  site  con¬ 
ditions.  bu!  these  methods  are  beyond  the  scope  of  this 
review 

One  problem  with  a  purely  deterministic  approach  is 
that  .he  return  penod  of  the  maximum  event  may  be  so  large 
that  it  is  unreasonable  logi  .tically  and  linancially  to  design 
a  relati.ely  short  lived  facility  to  a  very  high  value.  For 
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example,  if  a  magniiuJc  7.0  event  had  a  a’lum  peritxi  of 
100  000  year\.  the  annual  rate  of  iK'currcnee  would  he 
I  X  10  It  the  life  ol  the  Mrufiurc  in  quesiuHi  i\  40  yeat\. 
then  the  pnihability  of  exceeding  a  magnitude  7  dunng  the 
lifetime  of  the  Mructua- would  he  approximately  4  x  10'*. 
At  thi>  point  the  pnthahilixtic  appn^ach  sh«>uld  he  utilized. 

Another  problem  i\  that  theve  alalionships  for  accel¬ 
eration  do  not  padict  the  level  ol  gniund  nxtiion  over  the 
entire  frequency  range.  Standardized  spectra  have  been  de¬ 
veloped  (Nuclear  Regulatory  Guide  l.bOl  which  can  be 
anchixed  at  a  peak  acceleration  value  As  yet.  mixlilication 
of  the  shape  of  the  spectra  for  the  type  Of  soil  at  the  site 
and  for  the  magnitude  of  the  event  is  not  a  routine  pnKess 
.  I  Johnston  et  al  ..  19X01 

The  metlxxJ  of  using  seismic  hazard  estimates  to  design 
structums  has  gained  acceptance  in  recent  years  A  computer 
pnrgram  by  McCiuia- 1 19761  that  will  perform  the  necessary 
calculatHHis  has  been  made  available  to  the  public  Since 
the  corK'cpts  ans.'  assumptions  that  make  up  the  calculation 
must  be  understiMid  in  order  to  assess  the  appntpriate  use 
and  the  limitations  of  the  methixJ.  a  brief  overview  is  pre¬ 
sented.  Once  the  site  t>f  interest  has  been  selected,  a  cata¬ 
logue  of  earthquakes  in  terms  of  date.  liK'ation.  and  size 
(magnitude  or  intensity  i  is  examined.  If  the  catalogue  is  not 
homogenciHis,  then  e«*nversii'n>  from  orK*  magnitude  scale 
to  amvther  (fi>r  example  m^  to  M.l  or  fmm  intensity  to 
magnitude  must  he  made.  Care  must  he  taken  to  select  the 
proper  conversion  relationship  (Section  2.^..V.f).  A  range  of 
scenarios  are'tried,  using  source  zones  of  various  sizes,  to 
nxxlel  the  seismicity  tKigcrc  2.1-I7al. 

Once  source  zones  are  delincd.  the  enclosed  seismicity 
is  tabulated.  Karihquakes  are  counted  according  to  magni¬ 
tude.  or  any  other  measure  of  size  and  time  interval.  The 
seismologist  decides  on  the  appropriate  time  intervals  using 
judgements  of  the  completeness  of  the  catalogue  for  various 
years  for  the  diff'-'.mt  magnitude  ranges.  A  recurrence  curve 
is  derived  for  each  source  zone  (Figure  2.f-l7b).  These 
curves  represent  the  nuxleled  cumulative  number  of  earth¬ 
quakes  that  will  occur  in  a  given  simrce  zone  at  any  mag¬ 
nitude  (per  year  if  the  calculations  are  for  annual  risk  I.  Next, 
all  the  nxxleled  seismicity  that  tveurs  annually  in  this  zone 
is  distrihuted  evenly  throughout  the  zone  according  to  Uv 
cation  hven  if  the  natural  tKcurring  seismicity  is  clustered 
in  a  small  area  within  the  zone,  it  will  be  spread  ou’  uni¬ 
formly.  This  is  an  important  detail  because  of  the  distance 
calculation  (Figure  2.^-l7cl.  Therefore,  the  geometry  of  the 
zones  plavs  an  importi  't  part  The  next  step  requires  an 
attenuation  relationship  that  relates  magnitude  to  accelera¬ 
tion.  veliK'ity  .  or  displacement  and  distance  to  the  site  (Fig¬ 
ure  2.^-l7d)  Distances  are  then  computed  to  the  seismicity 
which  is  now  distributed  evenly  in  the  zone.  W  hen  all  this 
has  been  tabulated,  the  result  is  Figure  24-|7e.  the  annuil 
risk  ol  exceeding  (he  ground  motion  parameter  used  in  the 
ligure 

This  type  of  analysis  is  probably  most  useful  for  com- 
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pariMtn  puq»Nt;>:  pcrliinnit.i:  ihi\  calculation  fof  two  dis¬ 
tinct  sites  that  ha\c  a  lairK  accurate cartiiquakc  catalog  will 
\icld  a  good  estimate  ot  the  a-lative  scisniic  hazard  of  the 
two  regions  Since  there  are  s4>nK  elcTKnts  of  the  deter- 
iiiinisiic  appriwh  incorporated  into  the  hazard,  such  as 
choosing  the  s*iurce  zone  boundaries  and  an  event  upper 
magnitude  cutoff,  this  method  goes  moa*  information  about 
the  actual  hazard  to  a  facilits  during  its  useful  lifetime  (typ- 
icallv  .VI  to  .s(l  y:arsi  It  also  allows  desigi:crs  or  a'gulaiing 
agencies  to  quaiiiitaioci)  incorporate  conservatism  into  the 
design  or  to  set  guidelines  Dlien  a  It  It  HU  I  year  return  period 
Is  ciMisidcrcd  to  he  an  .iceepiahle  hazard  The  actual  prob¬ 
ability  of  damage  to  a  siucturc  using  seismic  hazard  and 
engiiK-ering  methods  is  called  the  seismic  risk. 

.Another  limitation  ol  the  hazard  iiKthod  is  that  it  dixts 
iH>i  include  the  duration  of  the  ground  motion  contributing 
to  the  annual  ri'k  Seismic  waves  from  a  magnitude  7,(1 
earthquake  at  IIKI  km  distance  may.  for  example,  have 
higher  ampliiu.lc  ground  motion  and  longer  liine  duration 
/  at  ivriixls  greater  than  approximately  (I  X  s  than  will  a  niag- 
miudc  which  is  lixated  within  1(1  km  of  the  site  Since 
structures  respond  to  periiHlic  signals  more  readily  than  to 
a  single  spike  of  motion  and  have  specilic  natural  frequeii- 
cies.  these  complications  should  iv  considered. 

I  he  maMiiium  cre’dibic  earthquake  may  ha'  c  a  much 
longer  return  peiiiKl  than  the  useful  life  of  most  structures. 
Probabilistic  mctluHls  ate  generally  considered  to  provide 
more  realistic  estim.ites  of  the  ground  motions  and  may  be 
more  uselul  in  the  case  ot  lite  linc  structures  or  structures 
such  as  nucle.ir  reactor  iacilities  whose  failure  would  pro¬ 
duce  a  signiticant  threat. 

Several  nictlnxls  have  been  devised  to  provide  region¬ 
alized  scisiii'c  hazard  maps  tor  the  I  tiitcd  States  The  results 
ot  two  ol  these  studies  are  shown  in  figures  2.1- IX.  2.1-19. 
and  2.'  2(1  |  Mgcmiission.  I'WW);  Donovan  et  al  .  I977|. 
figure  2.1-  IX  is  the  result  ol  a  ilcierministic  approach  while 
figures  21-19  and  21  2(l  result  Ironi  probabilistic  merh-.-aJs. 


I -duri.’  ?'  I'<  Se-istDiv  h.i/.ird  /v>n.tfii*n  Jhc  I  mfed  Si.tfcs  hasod  on 
'  dct(.“Tnimi-«hc  nicthotls  j  Mijcrniix-scn. 


Kigure  23- 19  C«nti>urN  ol  pcA  accelerations  due  to  earthquakes  at  the 
ctHihJencc  level  for  any  5(Vyr  pcruid  (Dimovan  ct 

al  1977}  RepnnicJ  vsith  pe.Trission  from  Tfchmthfiy 

Rmrw .  *'  1977 

23.3.2.6  Premonitory  Phenomena.  In  recent  years 
earthquake  prediction  has  become  one  of  the  major  areas 
of  study  in  seismology.  The  basic  premise  of  prediction  is 
that  as  stresses  accumulate  in  the  crust,  physical  properties 
of  the  riK'k  will  change  and  these  changes  are  detectable. 
Compression  of  nick  along  the  future  earthquake  rupture 
zone  is  expected  to  produce  changes  in  pomsity.  electrical 
resistivity,  seismic  vcliK'ities.  water  table  levels,  and  the 
radon  content  of  ground  water.  Tilt  and  elevation  changes 
may  also  be  indicators  of  future  significant  events.  Each  of 
these  phenomena  arc  detectable  by  various  means.  For  short 
ter»Ti  prcdiction.  abnormal  animal  behavior  has  beep  asso¬ 
ciated  with  seismic  events.  In  addition,  the  spatial  and  tem¬ 
poral  distribution  of  low  magnitude  earthquakes  is  thought 
to  be  altered  by  stress  accumulation  and  provides  an  indi¬ 
cation  of  an  imminent  large  eaiihquake  To  date,  significant 
advances  have  been  made  in  eaiihquake  prediction  with  at 
least  one  signiticant  major  prediction  14  Feb  1975,  Liaoning 


|-u:ure  gV-2U  ConunirN  ol  mjxmiuni  peak  vcloe’ily  due  !o  earthquakes  at 
the  VO';  e  inlidense  level  lur  any  50-yr  period  |I>inovan 
el  al  .  IV’1,  Reprimed  with  permission  Irom  Teihnol<>«\ 
Reireu ,  '  IV;?, 
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Province.  Cliina.  7..^  M,  t  fK>ssibly  savinj:  Ihouvandv  of  lives. 
However.  pieJiction  is  more  complex  than  il  first  appeared 
lobe.  Many  of  the  phenomena  which  are  believed  io,pre<'cde 
an  earthquake  have  been  detected  without  the  iKcurrence 
of  an  earthquake.  Methods  used  ti>  predict  an  earthquake  at 
one  place  in  the  w(»rld  do  not  always  wwrk  at  another  lime 
or  Uvaiion.  At  the  present  time,  earthquake  prediction  is 
not  an  exact  science  and  will  require  more  time  and  research 
to  achieve  u>utine  practical  application. 

23.3.3  Other  Sources  of  Seismic  Radiation 

23.3.3.1  Seismic  Noise.  A  seismorheter  placed  any¬ 
where  '»n  the  surface  of  the  earth  will  record  virtually  con¬ 
tinuous  earth  motions  of  variable  intensity.  This  seismic 
backgmund  noise  is  known  as  microseisms.  Typically,  the 
generation  of  micniseisms  is  the  result  of  cultural,  meteo- 
mlogic.  and  rvceanographic  conditions  and  is  unmialcd  to 
tectonic  priKcsses  resptinsible  foreatlhquakcs.  Worldwide, 
the  dtK'umenicd  sources  of  microscisms  appear  to  be  surf 
or  other  near-shore  action  along  sleep  coast  lines  and  cy¬ 
clonic  activity  over  deep  water  |Balh.  I97.t|.  More  l(K'uli/cd 
sources  include  traffic,  heavy  machinery,  rivers,  and  wind- 
induced  motion  in  buildings  or  trees.  At  any  given  site, 
seismic  noise  can  be  classified  into  three  frequency  depen¬ 
dent  branches. 

1 .  Microscisms  having  periixls  of  less  than  2  s  are  gen¬ 
erally  caused  by  liKal  sources.  Maximum  amplitudes  usu¬ 
ally  (Kcur  nc.ar  I  Hz  and  are  rapidly  attenuated  away  from 
the  source  [Ossing  and  Gray.  19781.  The  liKalized  nature 
of  generation  makes  the  amplitudes  of  these  microscisms 
highly  site  dependent.  These  sources  can  normally  be  readily 
iJenlified  as  cultural  in  origin.  ' 

2.  Between  2  and  10  s  lie  the  storm  microscisms.  In' 
this  band,  the  (K'curreiice  Pf  high  level  activity  has  been 
strongly  correlated  with  deep  low  pressure  areas  and  fiontal 
passages  impinging  on  continental  margins.  The  nature  of 
the  storm  microseismic  source  suggests  two  facts:  first,  the 
intensity  of  storm  microseisms  are  significantly  higher  dur¬ 
ing  the  winter,  and  second,  coastal  sites  arc  affected  to  a 
much  greater  degree  than  sites  in  the  continental  interiors. 
The  nuxfe  of  propagation  approaches  the  Ray  leigh  surface 
wave  mode  traveling  at  a  veiocity  of  2.7  km/s  |lycr.  I964|. 
Amplitude  attenuation  is  low  for  propagation  through  uni¬ 
form  geologic  structures  but  is  greatly  increased  at  discon¬ 
tinuities  such  as  continental  margins  or  mountain  boundaries 
|f)ssing  and  Gray.  I978|, 

The  long  period  microscisms,  greater  than  10  s.  peak 
at  approximately  20  to  2.*)  s.  This  peak  is  associated  with 
microseisms  generated  by  the  coupling  of  the  ivean  fhxir 
with  cyclonic  induced  iKcan  waves  over  deep  water.  At¬ 
tempts  to  irai  k  tropical  cyclones  using  these  microscisms 
have  met  widi  varying  success  |Bullen.  bfb.S!.  A  pro¬ 
nounced  nrnimum  in  the  noise  spectrum  is  also  noted  for 
periods  between  M)  and  40  s.  This  minimum  appears  to  be 
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global  in  character  and  exhibits  stable  spatial  and  tcnifHiral 
characteristics. 

Brunc  and  Oliver  |  I959|  have  derived  minimum,  av¬ 
erage  and  maximum  displacement  amplitude  curves  for  non¬ 
local  seismic  noise  levels  in  the  period  lange  of  0. 1  to  .4 1 .5 
s.  These  curves,  converted  to  amplitude  spectral  density, 
are  shown  in  Figure  2.'-2l  and  represent  limiting  values  of 
the  microscism  spectrum.  The  actual  spectrum  calculated 
for  any  given  site  over  a  short  time  interval  would  be  ex¬ 
pected  to  lie  between  the  minimum  and  maximum  curves 
but  they  might  have  a  significantly  different  shape  than  the 
plotted  curves.  For  example,  the  depicted  8-s  storm  mi- 
croseisni  peak  could  vary  between  a  4  and  10  s  periiNl. 


PERIOD  (seconds) 
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Figure  23*22.  Gmiour  map  oC  scisinic  noise  levels  in  the  United  States 
m  terms  ol  panicle  veUKrity  (O.sing  and  Gray.  I^78|. 

Also  plotted  in  Figure  23-21  is  the  seismic  noise  am¬ 
plitude  spectral  density  for  data  recorded  at  a  quiet  site 
(Queen  Creek.  Arizona)  for  perituls  between  lOand  2560  s 
|Fix.  I972|.  Particular  care  was  taken  in  the  installation  of 
this  station  to  minimize  all  locally  induced  noises.  It  is 
thought  that  this  spectrum  is  a  gorxJ  representation  of  the 
minimum  noise  levels  in  this  period  range. 

The  seismic  noise  level  observed  at  any  site  is  also  a 
function  of  geographic  Uvation.  The  proximity  to  coastlines 


and  population,  the  type  of  vegetation  and  local  geologic 
structure  will  all  influence  noise  levels.  In  Figures  23-22 
and  23-23.  contour  maps  of  average  seismic  background 
noise  levels  for  displacements  and  particle  velocities  near 
1  Hz  in  the  continental  United  States  are  shown  (Ossing 
and  Gray.  I978|. 

23.3.3.2  Other  Sources  of  Seismic  Radiation.  While 
earthquakes  (and  volcanoes  to  some  extent)  arc  the  most 
prominent  natural  source  of  destructive  seismic  radiation, 
many,  other  soumes  arc  of  interest  for  different  rea.sons. 
Some  of  these  sources  arc  nuclear  and  chemical  explosions, 
air  coupled  seismic  waves  generated  by  aircraft  acoustic 
energy  (especially  low-Hying  aircraft  such  as  the  cruise  mis¬ 
sile)  or  atmospheric  cxplosi./ns.  vibrating  machinery,  rock- 
bursts  tcollapsing  mines),  cryoseisms  ( ice  fracturing),  mov¬ 
ing  vehicles  (trucks  or  landing  airplanes),  and  people. 
Following  arc  some  examples  of  how  these  sources  affect 
life  on  earth. 

Large  chemical  or  nuclear  explosions  generate  signifi¬ 
cant  motions  which  must  be  considered  in  many  military 
construction  projects.  Away  from  the  source  region  where 
cratering  and  other  source  particular  effects  must  oc  con¬ 
sidered.  these  motions  can  often  be  treated  like  esithquake 
generated  motion.  Differences  in  the  characteristics  of  ex¬ 
plosions  and  earthquakes,  however,  also  allow  the’  .seis¬ 
mologist  to  provide  information  on  the  detection  and  dis- 
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crimination  of  nuclear  explosions  tor  the  purpose  of  test  ban 
treaty  veiilieation.  In  the  siting  of  motion  sensitive  instru¬ 
ments,  liKal  disturbances  caused  by  any  source  should  be 
considered,  especially  where  large  concrete  structures  are 
constructed.  Vibrations  caused  by  even  small  quarry  blasts 
during  the  critical  curing  period  can  prevent  the  proper  cohe¬ 
sion  from  developing 

The  fact  that  moving  vehicles  and  personnel  produce 
seistnic  signals  has  been  used  to  develop  security  systems 
and  methods  of  remote  battlefield  sensing.  Pressure  waves 
genergted  by  military  aircraft  can.  under  certain  conditions, 
couple  with  the  ground  to  produce  large  amplitude  seismic 
motions  which  could  affect  ground  facilities  or  be  used  to 
track  the  aiaTjft. 

The  study  of  seistnic  sources  in  the  high  frequency  re¬ 
gime  has  almost  unlimited  practical  applications  in  geologic 
exploration,  nuclear  detection,  and  earthquake  prediction. 


23.4  LONG  PERIOD  AND  SECULAR 
EARTH  MOTIONS 

This  section  briefly  treats  measurement  of  crustal  motion 
and  puts  some  bounds  on  the  magnitude  of  such  deforma¬ 
tions  and  the  accuracy  cf  the  observations.  Some  of  the 
most  imptortant  techniques  used  are  from  the  field  of  ge¬ 
odesy.  which  is  reviewed  in  Chapter  24.  In  the  iir.st  sub¬ 
section.  details  of  the  motions  caused  by  tectonic  prtKesses. 
which  were  reviewed  in  Section  2.^.2  will  be  examined:  in 
the  second,  the  earth  tides;  and  in  the  third,  other  more 
localized  types  of  motions,  which  often  form  the  noise  back- 
g.-ound  and  hinder  the  performance  of  instruments  and  sys¬ 
tems.  Specifically  excluded  from  consideration  are  various 
geological  processes,  such  as  .soil  creep,  landslides,  gla- 
ciological  activity,  and  volcanic  activity,  all  of  which  can 
exhibit  substantial  motions. 


23.4.1  Tectonic  Motions 

We  know  from  geological  and  paleomagnctic  studies 
that  portions  of  the  earth  have  moved,  at  least  in  a  relative 
sense,  thousands  of  kiiomcters  horizontally  and  tens  of  kil¬ 
ometers  vertically  (the  top  .T  Mt.  Everest  is  marine  lime¬ 
stone).  We  also  have  found  from  such  stud'es  that  these 
movemep*  vol(<titics  are  not  constant  but  are  discontinuous, 
episodic,  or  even  eyclii.al.  One  of  the  main  challenges  in 
solid  earth  geophysics  is  to  directly  measure  such  motions, 
relate  them  to  the  past  rates  determined  geologically  or 
paleomagnetically.  and  develop  empirical  or  physical  miKlels 
to  predict  future  m  ,iops.  These  goals  arc  not  without  prac¬ 
tical  application,  for  ttic  most  dramatic  form  of  tectonic 
motion  is  the  sudden  release  of  accumulated  strain  during 
:tiajor  earthquakes  with  the  concurrent  generation  of  poten¬ 
tially  destructive  seismic  waves.  Volcanoes,  which  are  an- 
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other  manifestation  of  t.-ctonic  prtK'esscs.  are  capable  of 
pnklucing  large,  if  l(K-;Mi;'cd.  motion. 

Recent  »ectonic  theory  has  given  the  hroad  picture  of 
relative  motions  between  rigid  plates,  but  the  details  are 
considerably  blurred  for  several  reasor..;.  First,  the  plate 
boundaries  are  not  simple  discontinuities  but  are  gener¬ 
ally  zones  up  to  100  km  or  more  in  width  where  strain 
can  accumulate.  A  second  probictn  is  that  plate  tectonics 
does  not  explain  crustal  motions  in  plate  interiors.  A:i- 
other  pnrblem  of  a  different  nature  is  the  proclivity  of  many 
investigators  to  discover  “micro-plates".  Then,  of  course, 
there  are  large-scale  secular  motions  that  have  no  direct 
relationship  to  plat-s  tectonics,  for  example,  the  mid-con¬ 
tinental  downwarps  assiK'iated  with  deposition  in  sedimen¬ 
tary  basins. 

23.4.1.1  Horizontal  Motions.  Almost  all  earthquakes  that 
cause  observable  surface  displacements  are  associated  with 
faults  or  fault  zones.  Coseismic  fault  displacements  range 
from  negligible  for  small  earthquakes,  to  several  centimeters 
for  magnitude  5.  to  several  meters  over  hundreds  of  kilo¬ 
meters  for  magnitude  9  shrieks.’ The  maximum  total  dis¬ 
placement  for  the  great  Alaskan  earthquake  of  1964  was 
over  25  m.  The  ratio  of  displacement  to  fault  length  ranges 
from  10  ■*  to  10  Well  -delioed.  natural  or  artificial  (planned 
or  fortuitous)  linear  or  planar  features  (for  example,  fences, 
alignment  arrays,  stream  channels,  or  shorelines)  crossing 
the  fault  can  be  used  to  determine  the  offset.  Repeated 
geodetic  surveys  (Chapter  24)  are  also  made  to  determine 
both  earthquake  di.splacements  and  accumulation  of  strain. 
The  U.S.  Geological  Survey  runs  an  active  deformation 
monitoring  program  in  California,  using  las'"-  geodimeters 
to  measure  the  distances  among  benchmarks  in  several  geo¬ 
detic  networks  | Savage  et  al..  1981).  The  formal  errors 
(standard  deviations)  in  these  surveys  are  between  10  and 
10  ’  for' lines  between  20  and  50  km  long.  Most  of  the  error 
is  attributable  to  variations  of  the  index  of  refraction  along 
the  line  of  sight.  The  strain  accumulation  rate  in  the  San 
And'eas  fault  zone  is  about  0.3'  x  10  'Vyr.  or  where  the 
motion  is  creep  on  the  faults  themselves  with  little  or  no 
strain  buildup,  about  3-.5cm/yr,  Thus  the  expected  line  length 
changes  arc  of  the  order  of  the  present  day  survey  accumey 
and  several  years  must  elapse  between  surveys  before  re¬ 
liable  results  can  be  obtained.  Since  .several  crustal  plates 
converge  in  Japan,  the  deformation  rate  is  high  and  the 
motion  pattern  complex  |Mogi.  1981 1.  Similar  programs 
arc  in  progress  in  Turkey.  India.  New  Zealand,  the  USSR, 
Central  America.  Alaska,  Canada,  and  many  others.  Sec 
Simpson  and  Richards  1 1981 1  for  examples. 

23.4.1.2  Vertical  Displacements.  Secular  vertical  crus¬ 
tal  motions  rarely  exceed  I  mm/yr.  Some  exceptions  arc 
Japan  (7  mm/yr  in  some  regions),  where  tectonic  activity 
is  high,  the  Hudson  Bay  regu  n  (10  mm/yr).  which  is  still 
responding  to  the  removal  of  the  contineiital  ice  .sheet 
10  000  years  ago,  and  several  other,  usually  local,  areas. 
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iaurc  23-24.  Recent  Irendc  in  tidal  gastec  |Ander\on.  ct  al..  I97X|. 

•e  Figure  2.<-24  and  V.'alcott  (19721.  Thrust  and  normal 
ulting  during  earthquakes  generally  produce  relative  ver- 
al  displacements  of  less  than  5  m.  ext.pt  for  the  very 
•gest  tremors.  Classically.' vertical  movements  have  been 
easured  by  repeated  spirit  leveling  (Chapter  24).  a  simple 
rveying  priKedure  that  has  been  more  or  less  routine  for 
e  past  l(X)  years  in  which  errors  accumulate  as  some 
nction  of  line  length.  An  examination  of  leveling  surveys 
Castle  et  al.  [  I976|  revealed  that  a  broad  area  of  crustal 
iwarp  of  up  to  25  cm  had  occurred  between  l‘*f)0  and 
74  in  southern  California.  This  ascismic  uplift  was  soon 
listened  the  "Palmdale  Bulge"  foi  a  small  town  50  km 
rth  of  Los  Angeles  near  the  zone  of  maximum  uplift. 
.Iditional  surveys  over  the  past  decade  showed  that  not 
ily  was  the  bulge  much  larger  than  previously  expected, 
tending  over  most  of  the  Mojave  Desert  region,  but  also 
ji  there  had  been  a  partial  collapse  since  1974.  Theo  e- 
ians  and  modelers  were  puzzled  because  of  the  lack  of 
ismicity  and  the  difticulty  of  titling  tb’  bulge  into  the 
own  hori  'nntal  movements  of  the  region.  At  this  point, 
ckson  and  l  ee  |I979|  questioned  the  very  existet.ee  of 
i  bulge,  attributing  it  to  systematic  rod  calibration  and 
nospheric  ref-action  errors  that  can  accumulate  o'ver  large 
.•vdtion  changes,  such  as  those  nccurring  bct'acen  Los 
ngelcs  and  Palmdale  After  a  heated  d.  hate,  tests  by  Na- 
mal  Geodetic  Survey  (NGSi  ISlrange.  1981).  and  refu- 
ipn  by  the  I'  .S  (ioological  Survey  (Stein.  1981 1.  a  gwd 
'rtion  .of  the  Palmdale  Bulge  has  disappeared.  Further- 
,ire.  nyny  other  survey;:  that  sugges'.ed  recent  vertical 
.ivements  were  found  to  be  contaminated  by  these  topo¬ 


graphically  correlated  errors  |Rcilinger  and  Brown.  1981 1. 
This  can  be  seen  in  a  paper  by  Brown  1 1978|  where  surveys 
along  the  east  coast  of  the  U.S.  suggest  substantial  Itxal 
movement,  but  the  tide  gauges  along  the  coast  do  not.  In¬ 
cidentally.  new  survey  pnKcdurcs  published  by  the  NGS 
should  eliminate  these  cnors  by  tightening  rod  calibration 
standards  and  reducing  sight  lengths. 

23.4.1.3  Measurement  Technique  .  Tide  gauges  have 
long  been  used  to  estimate  vertical  miovements  (Figure 
23-24).  However,  depending  oit  the  reeotii  length  there  are 
some  problems  which  include  long-pei:i>d  tides,  climatic 
and  seasonal  effects  (pressure  and  lemjrc-ab're).  meteoro¬ 
logical  effects  (wind),  river  Ji.vcharge  variations.  Ux-al  site 
stability,  instrumentation,  and  eustatie  (wixid-wide)  sea  level 
changes  (Anderson.  I978|.  It  appears  that  sea  level  is  prob¬ 
ably  rising  at  a  rate  of  less  than  I  miWyr.  altl)ough  it  ap- 
paTintly  rose  about  6  m  in  the  last  18  000  years.  The  release 
ol  water  stored  as  ice  in  the  great  continental  ice  sheets  is 
accommtxiated  to  a  gr.  at  extent  by  the  denectioii  of  the 
crust  under  the  redistributed. loud  (Walcott.  1972[. 

Another  method  often  used  to  infer  elevation  changes 
is  repeated  gravimeter  surveys.  After  corrections  for  earth 
tides  (Section  23.4.2)  and  atmospheric  pressure  variations, 
temporal  changes  of  gravity  can  ix'cur  from  either  ( I )  dis¬ 
placement  of  the  observation  point  along  the  free-air  gravity 
gradient  (- 3.086, p.gal/cm.  e:  5Cf  typically),  or  (2)  varia¬ 
tions  in  the  subsurface  density  field  (for  e.-.ample.  0.4.3(j 
p.gal/cm  for  an  extended  slieci  of  material  with  density  con¬ 
tras!  tr).  These  two  factors  generally  interact,  constructively 
or  destructively,  depending  on  the  prtxcss  operating.  Usu¬ 
ally  ihis  is  not  known,  so  a  model  must  be  assumed.  For 
example,  a  section  of  material  subjected  to  horizontal  elastic 
compression  would  bulge  upward,  thus  reducing  the  gravity 
in  accord  with  (I)  above;  however,  the  increase  in  density, 
effect  (2).  would  cancel  this  aimos!  exactly,  resulting  m  no 
net  change  of  gravity.  Whitcomb  ( I976|  presents  a  number 
of  models  and  the  corresponding  gravity  and  elevation 
changes.  Measuremerit  of  both  could  strongly  constrain  such 
nuxiels. 

.Aside  from  the  fact  that  some  tectonic  phenomena  pro¬ 
duce  elevation  but  little  no  gravity  change.'  detection 
requires  careful  measureinenl  and  removal  of  spurious  ef¬ 
fects  as  well  as  the  variations  caused  by  the  solid  earth  and 
cx'ean  tides  (Section  23.4.2)  Lambert  and  Liard  (19811 
re'—ntly  assessed  their  accuracy  of  measurenxnt  in  a  strongly 
intereonneeted  gravity  network  established  with  La  Coste 
and  Romberg  "D"  gravimeters,  the  best  instrurheni  currently 
available.  They  estimated  that  with  very  careful  work,  the 
conservative  long-term  aeeuraey  of  a  single  station  after 
least-squares  adjustment  of  the  network  is  ibout  4  pgal. 
which  corresponds  to  a  free-air  elevation  change  of  about 
I  cm.  cverndon  ( I98i  (  found  a  relative  aeeuraey  iRMS)  o  ' 
about  20  pgal  foi  stations  along  profiles  in  soulhe:n  Cali¬ 
fornia.  A  major  eoniiibutor  to  changes' in  gravity  is  the 
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nx'viMiK-ni  •>(  i;ri>uiKlw.its.T  f  or  cvjmpic.  waUT  lilling  Ihc 
iiiliiyramil.ir  voi.l>  nl  a  1  ill  thick  sjniNlonc  with  lO'i  pi»- 
ri'Mtc  caiiM.'  .1  LT.iMiy  incfoa'.o  ol  4  3  M-ital.  Lanihen 

arki  IVaunionl  liHinil  H.'asiinal  craMiy  chanjtes  as 

htch  as  I’  jikMl  dtic  to  tUiciuaimns  in  jiround  \saior  Icscl. 
In  liKaU-s  whoa'  tho  L'oi>h\«Jri<lov’\  is  simpio  and  wells  aa* 
plenlilul  It  IS  ps'rtiaps  pitssiblo  to  ootroel  lor  such  cliccts. 
hut  in  ooniplcs  rcoions  such  as  those  with  many  aquifers 
or  with  sirone  lateral  heteroeeneity .  ground  water  chan j;es 
sironely  limit  this  ts'shnique  \  ariations  in  the  elevation  of 
the  water  surtaee  in  reservoirs,  rivers,  lakes,  and  seas  alsrr. 
cause  jtraMly  v  ariations  at  nearby  stations  These  can  usually 
be  easily  ^.aiciilated  it  the'  phenomena  are  adequately  mon 
111  *red 

IX-spite  the  problem.  aiiJ  aiiihij."Jities  :iss«viaicd  with 
^raviiv  surveys,  there  are  two  distinct  advanlaees  over  Icv- 
eline  first,  it  is  much  easier  to  make  spot  measurements 
over  a  wuk-  area  Second,  eravtiy  survey  errors  propauate 
as  a  tarktion  ol  imu.'  rather  than  with  distance,  so  given  the 
proper  loeislical  support,  better  precision  at  distant  points 
could  be  iKhieved 

Repealed  \ery  Long  Baseline  Interferometry  iVLBIl 
iiK'.isurenK'nis  using  satellites  as  vnirces.  apparently  have 
the  precision  I  -  -  III  cm  over  .^(Itll) '  km  lines)  to  delect 

n.-laiive  plate  motions  \k  itli  evpeeted  improvements,  the 
livniial  error  lor  repealed  observations  should  drop  to  about 
*  5  cm  or  better  lor  the  horizontal  components.  The  pre¬ 
cision  ot  the  vertical  component  is  typically  twice  that  be¬ 


cause  of  the  observ  ing  geometry.  Table  2.3-,S.  derived  from 
Minster  and  iorilan  |  |y7S|  shows  e\|X‘cteil  plate  veliK  iiies 
among  the  existing  VLB!  radio  observatories.  Thus,  for 
example,  to  delect  the  2  cm/yr  separation  between  Lurope 
and  North  America,  caused  by  sea  llinir  spreading  at  the 
Mid-,At!antic  Ridge  at  the  conlidenec  level,  wiiuld 
require  several  years  between  two  measurements.  I.n  prac¬ 
tice.  the  precision  can  be  improved  by  numerous  repeated 
observations.  The  major  limitation  'o  VLBI  measurements 
is  the  presence  of  water  vapor  in  the  atmosphere.  At  a  24 
elevation  angle  the  correction  is  .30  '  cm.  With  only  surtaie 
measurement  of  w  aier  vapor  the  uncertainty  wiiuld  be  about 
cm  Radiometers  are  being  developed  to  make  such  cor¬ 
rections 

Satellite  laser  ranging  from  a  number  of  ground  stations 
to  an  orbiting  vehicle  c'quipped  w  ith  n.'irorelk'ctors  has  pnived 
sullieienlly  precise  to  measure  crustal  displaceme.iis  of  '■ev- 
eral  centimeters  over  10'  to  10'  km.  Ihis  technique  was 
used  for  the  San  Andreas  fault  L.xperimenl  (SAffj  to  de¬ 
termine  the  relative  velocity  between  the  North  American 
and  Paeilic  plates  |,Smilh  el  al. .  I  V79|,  The  average  velivity . 
determined  from  measurements  taken  in  Id72.  1974.  i9?‘). 
and  1979.  was  9  t  3  cm/yr.  which  is  considerably  greater 
than  the  Minster  and  Jordan  |  I97S|  value  of  .S-6  cm/yr  and 
even  greater  than  me  observed  creep  or  strain  (equivalent 
to  2-3  cm/yr)  in  the  fault  /one.  This  could  be  due  to  the 
fact  that  the  plate  model  has  a  lime  resolution  of  no  better 
than  10  000  years  and  that  the  present  motion  is  greater 
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than  that  average.  i)r  that  slip  belween  the  plates  is  distrih- 
uied  over  a  much  w  ider  aa’a  than  the  .San  Andreas  f;  .lit 
/one.  possibly  including  the  Basic-Range  province  of  Ne¬ 
vada  and  Utah. 

bird  •.pace-based  system  that  has  been  propo.cd  is  a 
spe.'.  ased  laser  ranging  system  [Smith.  I97S|,  In  this 
concept,  vhe  laser  would  be  placed  in  a  circular  orbit  at  KKK) 
km  altitude  at  a  5(U  inclination  to  the  equator.  The  spacecraft 
would  K'  programmed  to  range  to  large  numbers  of  retro- 
rellectors  placed  on  monuments  in  areas  of  interest.  Sim¬ 
ulations  show  that  intersite  distances  of  20  to  2(K)  km  can 
he  repeated  to  better  than  i:  I  cm.  The  space-based  laser 
ranging  system  has  an  advantage  over  VLBI  techniques  in 
that  atmospheric  corrections  are  small  at  optical  wave¬ 
lengths. 

Continuous  or  high-frequency  measurements  of  crustal 
deformation  are  made  with  tiltmcters,  strainmeters.  and 
multiwavelength  ranging  devices.  These  are  reviewed  thor¬ 
oughly  elsewhere  jCommittees  on  Geodesy  and  Seismol¬ 
ogy.  I9SI|  so  will  be  mentioned  only  bnelly.  Long  iT.'iO 
ml  laser  strainmeters  (interferometers)  installed  on  the  ground 
surface  have  been  operated  successfully  for  a  number  of 
years  in  southern  California  [Berger  and  Lovberg.  I970[. 
Pendulum-type  tiltmeters  have  been  used  to  infer  long-pe¬ 
riod  crustal  motions,  but  their  short  baselengths  make  them 
susceptable  to  ven  small  reference  point  instabilities  from 
which  even  long-base  line  instruments  are  not  entirely  free. 
IX'ep  borehole  tiltmeters  have  shown  more  stability  than 
those  installed  at  shallow  depths  because  of  greater  isolation 
from  near-surface  effects,  but  agreement  among  closely- 
spaced  instruments  has  not  been  good  Long  fluid  tiltmeters. 
from  which  tilt  is  inferred  from  changes  in  the  height  of  a 
liquid  a  known  distance  apart,  promise  greater  stability  by 
averaging  out  short  wavelength  spatial  noise  [Wyatt  et  al.. 
I9S2[,  Laser  surveying  instruments  operating  at  two  vvave- 
lengths  can  correct  for  variations  in  .itmospheric  refraction 
because  of  dispersion  effects.  Operated  with  a  third  (mi¬ 
crowave)  frequency  to  correct  lor  water  vapor  content,  ac¬ 
curacies  of  a  few  parts  in  10'  arc  possible.  One  of  these  has 
been  operated  on  a  continual  basis,  ranging  (o  a  number  of 
targets,  near  Hollister,  .('alifornia  [Muggett  et  al. .  I977[. 

Rapid  advances  are  being  made  on  both  measuring  and 
understanding  earth  motions.  Although  problems  discussed 
in  Section  2.7. .7. are  a  limitation,  long-base  instruments 
and  space  techniques  show  great  promise  in  producing  in¬ 
creasingly  accurate  observations  of  crustal  defonnation 
[Committees  on  (ieiKlesy  and  Seismology.  |9SI[ 
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23.4.2  Earth  Tides 

Historically,  it  was  thought  that  a  study  of  the  solid 
earth’s  response  to  the  tid.il  efiects  of  the  sun  and  nuvin 
would  shed  important  light  on  global  mechanical  properties 
md  the  rate  o)  tidal  energy  dissipation  Over  the  past  ten 
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years  a  number  of  perturbations,  w  hich  cannot  be  adequately 
modeled,  have  rendered  this  goal  futile.  Much  better  models 
can  be  constructed  from  higher-frequency  seismic  data,  and 
earth  tidal  effect  over  a  wide  range  of  these  is  only  I'i  -2'/i 
at  most.  Distinguishing  among  these  is  almost  certainly  not 
within  the  province  of  tidal  measurements. 

However,  there  have  been  rapid  advances  in  theory, 
instrumentation,  and  techniques,  many  occurring  w  ithin  the 
past  ten  years  that  make  the  subject  a  fruitful  field  for  re¬ 
search.  In  addition,  there  have  been  and  still  are  practical 
reasons  for  tidal  studies.  A  list.  very>  brief  commentary, 
and  references,  follows.  For  many  of  these,  the  relative 
accuracy  must  be  of  the  order  of  I  '/< . 

1 .  Earth  tide  measurement  can  be  used  to  help  con¬ 
strain  (K'can  tidal  mixiels  using  shore-based  gravity 
and  tilt  measurements  [Kuo.  197S;  Baker.  I978[. 

2.  Baker  [  I97X[  has  shown  that  the  response  to  tidal 
loading  is  primarily  due  to  the  spatially  averaged 
Young’s  modulus  rather  than  density  and  Poisson  s 
ratio,  which  arc  the  primary  parameters  in  seismic 
wave  pn^pagation.  Thus  tidal  measurements  can 
provide  important  supplementary  information  in 
elucidating  crust  and  upper  mantle  structure. 

7.  The  tidal  admittances  can  be  predicted  initially  fn'm 
theory,  or  at  worst,  an  observational  period  of  sev¬ 
eral  months  (interior  continental  or  coastal  site,  re¬ 
spectively)  quite  accurately.  Changes  in  the  tidal 
admittance  could  signal  changes  of  physical  prop¬ 
erties  at  depth.  .Such  observations  could  be  useful 
in  studies  of  earthquake  mechanisms  and  prediction 
[Beaumont  and  Berger.  I97X[. 

4.  Because  of  the  earth’s  liquid  outer  core,  there  is  a 
near-diumal  ( 1 .00217  cpd)  free  wobble  [Wahr.  I979[ 
that  affects  the  tides.  Very  accurate  measurements 
of  the  tidal  response  might  reveal  the  details  of  the 
resonance  and  elucidate  the  nature  of  the  hydro- 
dynamic  coupling  between  core  and  mantle. 

-S.  The  tidal  resp-mse  can  be  used  to  map  gross  spatial 
variations  in  eerth  structure,  such  as  the  postulated 
partially  molten  rock  underlying  the  Yellowstone 
region  of  Wyomiii.'  IHarrison.  197S[  As  this  re¬ 
sponse  is  ilependent  on  rock  parameters  other  than 
those  governing  the  pr  ipagation  of  seismic  waves, 
as  in, (2)  above,  valu.jble  information  is  obtained. 

6.  New  geisletic  techniques  such  as  Verv  Long  Base 
Intcrlerometry  (VLBI)  and  Lunar  or  .Satellite  Laser 
Ranging  (LI.R  or  SLR)  are  approaching  a  precision 
oi  several  centimeters  (Chapter  24).  The  ranges, 
particularly  the  vertical  component,  must  be  cor¬ 
rected  lor  tidal  deformations  of  the  sites,  w  hich  can 
be  ol  the  order  ol  tens  of  centin’ctcrs 

7.  Earth  liilc  measurements  might  be  uselul  in  ob¬ 
serving  possible  nonlinearities  in  the  deformational 
behavior  ol  rock.  Ihcse  ellects  arc  much  more 

,  detect, ibic  in  tiilal  than  in  seismic  titcasuremcnts 

because  the  evpectcd  signal  is  much  better  known. 
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K.  Advanced  inertial  ci>nipi>ncntv  (jtyrov  and  acceler- 
iimetcrs)  are  bccomini!  sulticiently  \cnsiiive  that 
the  tides  arc  detectable.  They  can  thus  provide  low 
level,  prccisely-detined  calibration  sij'nals. 

9.  Similarly,  the  tidal  signal  can  act  as  a  useful  mon- 
'  itoring  device  of  the  rcsponse  of  Instruments  meas¬ 
uring  long-peritxl  or  secular  deformations.  The  tidal 
amplitudes  arc  of  the  same  order  as  the  annual  tilt 
rate  in  tectonicall>  active  regions,  although  the  pe¬ 
riods  are  considerably  different. 

10.  Tidal  corrections  have  long  been  made  to  gravi¬ 
meter  surveys  made  for  oil  prospecting  where  the 
signals  arc  of  the  order  of  lO-l(X)  (xgal  (I  p.gal 
=  I  X  10  \-m/s').  Normally  only  the  solid  earth 
tide,  uncorrceted  for  ixean  loading,  is  applied  al¬ 
though  loading  shiiuld  he  considered  in  high-pre¬ 
cision  surveys  near  coasts. 

1 1 .  Similarly,  earth  tide  corrections  must  be  made  to 
absolute  gravity  measurements  to  remove  the  time 
dependence.  As  the  precisi»>n  of  theSe  measure¬ 
ments  is  appmaching  10  p.gal.  iK'ean  loading  terms 
must  be  included. 

12.  Finally,  it  should  be  mentioned  that  the  tides  affect 
satellite  orbits,  the  rotational  pericxJ  of  the  earth, 
polar  motion,  and  geodetic  cixirdinates. 


23.4.2.1  Solid  Earth  Tides.  Numerous  authors  have  de¬ 
rived  expressions  for  the  tidal  potential  on  the  earth  caused 
by  an  exterior  mass  such  as  the  sun  or  mtxrn.  Because  of 
the  nonlinear  complexities  of  the  orbits  of  the  sun.  mexin. 
and  earth,  the  tides  display  energy  at  the  sum  and  difference 
frequencies  corresponding  to  the  perirxls 


T|  =  27.3  days  (lunar  declination) 

T.  =  .t65. 24  days  (solar  declination) 
Ti  =  S.S.S  years  (lunar  perigee) 

Ti  =  IS. 61  years  (lunar  mxle) 

=  20940  years  (perihelion) 

T„  =  I  solar  day  (24  solar  hours) 

T.  =  I  lunar  day  (24. Sq  sola'' hours) 


S  =  0.1. 2.3 

l.)l  =  2TT/7k 

i!>  -  longitude 

f)  =  phase  angle 


in  harmonic  representation. 

V  (',  costir.t  ^  S...  +  f)  ) 


for  the  long  pcriixl  (S  =  0).  the  diurnal  (S  =  I).  the  dc- 
midiumal  (.S  =  2).  or  the  terdiumal  tS  =  3)  tide-gener¬ 
ating  potential  (at  time  t.  longitude  4>.  and  phase  H  with 
respect  to  Greenwich).  The  tidal  force  thus  has  energy  in 
frequency  bands  gbout  ().3  cycles  per  day  (cpd)  wide,  cen¬ 
tered  about  0.  1 . 2.  and  3  cpd  with  the  frequency  separation 
between  components  in  each  band  corresponding  to  t,  and 
further  splitting  corresponding  to  longer  and  longer  periixls. 
as  shown  in  Figure  23-2.S  |Agnew,  I979|.  The  number  of 
harmonics  required  to  adequately  represent  the  tide  ranges 
from  1 3  for  a  pcriixl  of  I  to  6  montas  to  .S(X)  for  decades 
ICartwright  and  F^den.  I973|.  Refer  to  Schureman  1 19.‘i8| 
for  an  exhaustive  derivation  of  tidal  harmonics. 


(•icurc  Tidal  lijmiimics  I.Xcnow.  IV7*)|. 


The  tidal  potential  itself  cannot  be  observed,  only  changes 
in  the  vertical  and  horizontal  compi>ncnts  of  the  gravitational 
acceleration  force  g.  w  hich  is  the  derivative  of  the  potential. 
These  components  are  the  gravity  tides  g  =  g  ■  z  and  till 
tides  h  =  Ig'  X  z|/|g|.  where  z  is  an  earth-fixed  unit  vector 
parallel  to  mcan  .g.  (kcasionally  tidal  strain,  the  variation 
in  distance  between  two  nearby  points,  is  measured  while 
changes  in  the  height  of  a  liquid  surface  (the  ix'can  tides) 
have  been  measured  for  thousands  of  years.  Only  in  the 
past  decade  have  tidal  displacements  of  the  earth's  solid 
surface  been  measured  with  techniques  such  as  satellite  or 
lunar  laser  ranging  and  VI. Bl. 

Although  tides  arc  almost  always  analyzed  in  the  fre¬ 
quency  domain,  it  is  much  more  convenient  to  generate  the 
theoretical  tides  as  functions  of  time,  the  position  of  the 
disturbing  bixly.  and  the  position  of  the  observer.  The  the¬ 
oretical  vertical  g,„  and  horizimtal  h,„  components  of  the 
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tide  piixiucing  force  of  the  rruxtn  on  u  ri'tid  earth  to  the 
ftnirth  order  of  lunar  parallax  to  better  than  0.04'»  are 


GMr,  3GMr  ^ 

g„,  =  -77— 3con‘0  +  ; — 77- (5con  ()3coc()) 


d' 

3  GMr 


2  d^ 
3GMr 


2  d>  2  d 


(Scos'O  -  IlsinO. 


where 


G  =  Newtonian  gravitational  constant 

M  =  mass  of  the  mix>n 

d  =  distance  between  the  centers  of  the  earth  and 
nxxtn 

O  =  zenith  distance  (angle)  to  the  mtxtn  at  the  obser¬ 
vation  point 

The  vertical  component  is  commonly  expressed  in  mi- 
cntgal  (10 '’em/s’)  with  reversal  of  sign  to  correspond  to 
gravity  observations,  that  is.  a  maximum  tidal  force  pro¬ 
duces  a  gravity  minimum.  The  horii.ontal  force  is  usually 
divided  by  the  liKal  value  of  gravity  and  multiplied  by  1000. 
yielding  the  deflection  of  the  vertical,  or  tilt,  in  nanoradians 
( 10  radians),  which  may  he  converted  to  milliarcseconds 
(ms)  by  multiplying  by  0.2063. 

For  the  sun.  the  first  term  in  each  of  the  two  expressions 
given  above  is  adequate  to  the  ().002''/f  levd.  The  stdar 
induced  tides  arc  46'^  of  the  lunar.  Numerous  computer 
programs  are  available  to  calculate  tidal  time  series  |Ca- 
baniss  and  Kckhardt.  I‘)73|, 

On  a  rigid  earth  the  maximum  equilibrium  (idal  ranges 
are 


1 

Gravity 

Tilt 

Geoid  (or  fluid  earth) 

m<»on 

164  .3  gLgal 

.34  6  ms 

3.3.4  cm 

sun 

7.3.8 

13.3 

24.6 

Total 

240.3 

31  1 

78.0 

The  theoretical  amplitudes  of  gravity  and  tilt  of  the  main 
tidal  components  as  a  function  of  latitude  are  given  as  Figure 
23-26 

The  earth  is  neither  rigid  or  fluid  but  essentially  elastic 
at  tidal  periixls  Because  the  periixl  of  the  longest  free  os¬ 
cillation  (.34  min)  of  the  earth  is  more  than  10  times  shorter 
than  the  tidal  frequencies,  the  earth  has  more  than  adequate 
time  to  adjust  to  the  tidal  forces  and  its  response  is  nearly 
independent  of  frequency.  Thus  the  earth  tides  are  of  the 
equilibrium  type;  that  is.  the  relative  amplitudes  and  phases 
of  the  constituents  shotiM  correspond  to  the  theoretical  ra¬ 
tios.  .Such  behavior  of  a  solid,  spherical,  ivcanless  earth 
can  be  described  in  terms  of  three  characteristic  nuniK'rs. 

k.  and  I  llislorically .  the  reason  for  studying  earth  tides 
was  to  determine  these  so-called  Love  numfiers.  but  they 


(a) 


(It) 


Hgurc  23-26  .XinpliiudcN  of  ihi-  main  diumai  unJ  scmi  dmmal  earth  lidal 
eonipmeniv  versus  latitude  fa>,eravit\ .  tbi  north-sxKiih  nil. 
to  east-3vest  tilt. 


can  be  derived  much  more  accurately  from  seismic  mea¬ 
surement  because  the  tides  arc  so  pcrturfK’d  by  various  in¬ 
direct  effects  w  hich  w  ill  be  discussed  later.  They  are  defined 
as  follows: 

li  represents  the  ratio  between  the  height  of  the  tide  on 
the  elastic  earth  to  the  theoretieal  equilibrium  height; 
k  is  t)K'  ratio  of  the  additional  potential  due  to  the  de¬ 
formation  of  the  elastic  earth  to  the  tidal  potential:  and 


^  l^.•urc ’V’h  U  iMiiHiiiill 

I  i\  the  rjlio  nf  the  hori/ontui  displaccnicni  of  the 
cl  ’.Mie  earth  to  the  theoretical  tide. 

See  Melchior  1 196r.|  for  futher  diccussit'n. 

From  M-'ismic  data,  h'  =  (l.htM.  k  =  (•,24X.  and  I  = 
tUDU  with  a  maximum  variation  of  l''/f  2'r  for  reavon- 
able  veiMtiic  moxIcN.  The  ellipticity  of  the  earth  introduces 
latitudmallv-depv'ndent  terms,  but  the  effects  arc  small 
|Wahr.  I‘>7‘>|  Thus  the  solid  earth  tides  can  he  considered 
knoun  on  the  surface  of  ar,  iK'eanless  spherically  sym¬ 
metrical  earth  Here  a  tidal  jtravity  meter  would  measure 
the  equilibrium  }:ravity  tide  +  g,  multiplied  by  the 
constant  fi  =  1  (,t/2ik  -  |.|6<)  .Similarly,  a  tilt- 

meter  would  sense  (h,„  *  h.l'g  multiplied  bv  7  =  I  -i-  k 
-  h  --  0  70 

The  gravity  tides  are  increased  by  viver  l.^'i  and  the  tilt 
tides  diminished  by  aNuit  .fo'i  because  oi  elasticity.  Sur¬ 
face  strains  depend  on  Nrth  h  and  1;  the  expressions  are  com¬ 
plex  and  will  not  he  given  here  See  .Agnew  1 19791,' for 
details. 

The  one  exception  to  the  frequency  independence  of  the 
earth  to  tidal  forces  is  near  I  cpd.  where  the  resonance 
caused  by  corc-manllc  coupling  becomes  important.  Wahr 
1 1979)  lindx  from  theoretical  considerations  that  this  effect 
shoiikl  not  exceed  20'i .  .A  number  of  investigators,  includ 
ing  l.exinc  ||9'’.'<|.  h.ixe  detected  the  phenomena  but  have 
not  K'cn  able  to  cluclilale  the  details  of  the  resonance. 

23.4.2.2  (K’ean  l.nading  F.fTects.  The  usual  cause  of  the 
discrepancy  between  tid.i!  theory  and  obscrvatl.m  is  the  re¬ 
sult  I'l  iKcan  tides,  which  c.iii  etisily  account  lor  If)';  of 
the  ti'tal  earth  tide  in  graxiu.  2ll't  in  strain,  and  ‘Wl';  in 
tilt.  Ihc  (vean  tidal  ellect  acts  in  three  waxs  1 1 1  bx  the 
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direct  attraction  of  the  water.  1 2)  by  the  physical  bending 
of  the  crust  beneath  the  weight  >if  the  water,  and  (.1)  by  the 
distortion  of  the  c'quipxitential  from  the  lirst  two  effects. 
Near  seacoasts.  the  region  of  the  »Kean  cUisest  to  the  ob¬ 
servation  point  causes  the  greatest  perturbation  and  local 
(K'eah  tidal  nuidels  reasonably  match  the  observations.  In 
the  centers  of  continents,  however,  all  of  the  xveans  are 
signilicant  contributors  1  several  percent)  to  the  total  signal. 
This  is  particularly  true  for  the  gravity  title,  because  the 
vertical  component  of  the  mass  attpac’tuin  of  water  decreases 
only  as  r  '  while  the  effect  on  strain  and  tilt  falls  off  as  r 
where  r  is  distance. 

Although  the  existence  ol  iK'ean  lo.Hliiig  ctfects  has  hcen 
known  for  yeais.  it  was  treated  simplistically  or  even  ignored 
until  the  1‘lfitK  for  two  reasons:  1 1 )  lack  of  metIvKiology  U) 
calculate  the  efiect  loading  and  l2)  poor  open-ocean  tidal 
mtxdcls  Rapitl  advances  have  been  made  in  Nith  aieas  over 
the  past  ilecade.  h»»th  requiring  high  speed  computers. 

The  lirst  attempts  to  correct  for  ocean  loading  used  the 
solution  for  tlie  displacements  of  an  elastic,  homogeneous, 
isotopic  half-space  subjected  to  a  noniial  surface  point  load, 
which  is  called  the  Boussinesq  problem.  See  Farrell  1 1972| 
or  lxwk«)wic/  and  Cabaniss  |  I9SI)|.  When  the  attraction  of 
the  water  mass  and  eflgcts  of  the  defomK’d  potential  are 
taken  into  account,  the  hall-space  model  is  olten  adequate 
for,  tilt  corrections  because  most  of  the  ocean  loading  con¬ 
tribution  tveurs  within  lODt)  km  of  the  observation  point. 
Because  the  earth  is  spherical  and  radially  hctcorogenous. 
more  realistic  solutions  are  required  Takeuchi  |I9.S||. 
t.ongman  |  l'Kx21.  and  Kuo  |  I‘>b91.  for  example,  made  im¬ 
portant  contributions. 

The  complete  problem  was  solved  by  Farrell  |I972|. 
who  computed  (ireen's  functions  for  vertical  displacement, 
gravity,  tilt,  strain,  and  horizontal  displacements  lor  a  unit 
load  »Mi  several  realistic  standard  earth  models  Using  these 
functions  (>iA)  for  any  of  the  above  quantities,  a  mass  M 
an  angular  dl^taIlce  A  away  would  priKliice  a  change  MG(A) 
in  that  quantity,  (iiven  an  ocean  tide  model,  one  can  con¬ 
volve  the  tidal  heights,  with  F'arreirs  tabulated  Green's 
function,  to  compute  Ihc  iKcan  loading.  In  practice,  the 
xK'C'ins  are  compartinenlalized  and  given  the  average  tidal 
icomplex)  amplitude  within  each.  Far  away  from  the  com¬ 
putation  point  the  grid  spacing  can  be  coarse,  but  for  points 
near  coasts,  the  discretization  must  be  comparatively  fne 
IGoad.  19X1)1. 

The  linitc  element  methoxl  |/.ienkicwicz.  I‘)b71  has  been 
used  by  Beaumont  and  Lambert  |I972|  to  deal  with  more 
x'omplcx  structures,  such  as  those  with  lateral  variations, 
than  those  considered  by  Farrell,  .Such  iiuhIcIs  are  especially 
useful  for  computing  tills  from  nearby  loads  This  technique 
is  quite  adequate  to  an  angular  distance  of  about  30  but 
deteriorates  bc'y  ond  that  because  of  the  neglect  of  self-grav¬ 
itation  terms  and  the  rieid  bottom  boundary  required  at  the 
base  of  the  model. 

Goncurrcnlly .  ma|or  advances  have  been  made  in  the 
dexelivpmeni  ol  iKcan  tide  movIcK,  a  much  more  formidable 
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task  than  that  for  the  earth  tides.  This  is  primarily  hew'ausc 
the  natural  t>ei|ucneies  of  many  of  the  iK'ean  basins,  gulfs, 
etc. .  are  near  the  liequeneies  of  tidal  forces.  s»»  the  ds  namic 
n^ionant  terms  are  important.  Furthennore.  nonlineanty  plays 
a  much  greater  role,  particularly  in  shallow  seas,  because 
of  friction  and  the  nonlinearity  of  the  equations  for  waves 
in  shallow  water,  thus  producing  minlinear  tides  called  over¬ 
tides  by  analogy  with  overtones. 

Ocean  tidal  modelers  integrate  the  Laplace  Tidal  hqua- 
tions  (LTKl  to  various  boundary  conditions,  such  as  coastal 
tidal  observations.  Problems  include  dealing  with  realistic 
bathymetry,  coastlines,  and  energy  dissipation.  In  addition, 
only  in  the  past  10  years  have  the  self-attraction,  loading, 
and  solid  earth  tide  term,  all  significant,  been  taken  into 
account.  Parke  |  lyTKI  gives  a  review  of  the  progress  through 
lf7S 

More  fecently  Schwiderski  |l‘f79.  1^X01  has  published 
a  scries  of  mtxlels  for  many  of  the  major  tidal  constituents 
IM.-.  O,.  K,.  No  These  are  available  in  geographical  grid 
form  on  magnetic  tape .  In  I  *fK  I .  the  Permanent  Commission 
on  Karth  Tides.  toriiK’d  under  the  International  Asvx'iation 
of  Gcixlcsy  of  the  International  I'nion  of  (ieixlcsy  and  Gc*o- 
physics.  adopted  the  .Schweiderski  models  as  the  standard 
for  (K'can  loading  corrections. 

Two  pr>blems  still  exist  with  ixean  tide  mixlels.  The 
first  is  that  tide  gauges  are  used  for  defining  the  boundary 
ciHhlitions.  Almost  invariablyohey  are  IcKated  in  anomalous 
sites,  that  Is.  sheltered  harbors,  where  tides  are  distorted 
for.  a  number  of  reasons.  Open  ixvan  measurements  using 
pressure  transducers  on  the  ivean  floor  ate  needed,  but  these 
ire  sparse  and  the  number  only  slowly  increasing  |Cart- 
wright.  19X21  .Another  problem  is  that  world  ix'can  models 
lack  sufficient  detail  and  accuracy  near  the  coasts  for  earth 
tide  measurenwnts  taken  there  In  s<>me  kxalcs.  for  example 
the  North  Sea  and  southern  Calilomia.  Iixal  nvxlels  arc 
available  which  can  be  integrated  with  the  coarser  grids. 
Future’  advances  will  pntbably  be  made  with  satellite  alti¬ 
metry  (Chapter  24 1.  which  has  become  sufliciently  precise 
I  fractions  of  a  meter)  to  directly  detect  ixean  height  changes. 
The  maior’  pri'blem  to  be  overcome  is  orbital  errors,  an 
active  area  of  research  in  the  satellite  geodesy  community . 

23.4.2.3  Cavity.  Topographir,  and  Geological  KfTects. 

To  avoid  the  overwhelming  noise  generally  caused  by  tem¬ 
perature  changes,  rainfall,  and  sviil  moisture  variations,  tidal 
strain  and  tilt  measurements  have  traditionally  been  made 
in  underground  mines,  tunnels,  or  special  cav  ities  excavated 
for  specilic  geophysical  purposes.  These  openings,  often  in 
mountainous  terrain  of  complex  geology .  are  alrnost  always 
excavated  by  explosions.  Furthermore,  short-base  (less  than 
I  m)  tiltiiieters  have  often  been  placed  in  special  "niches.” 
carved  with  hand  tools  or,  jackhammers,  in  tunnel  walls 
I  Melchior,  !')rv6| 

Ihe  spatial  variations  of  tidal  tilt  parameters  measured 
in  Furope  through  the  early  I97()s  showed  a  disturbing  lack 
of  smoothness  lat  beyond  that  attributable  to  crustal  struc- 
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turc.  inadequate  ixean  loading  etwreefions.  or  instrumenlai 
unknowns.  At  svmik*  sites,  significant  changes  iK'currcd  among 
insirunHtnts  separated  by  meters  or  less  jlarnnon  and  Baker. 
I97.^|.  In  197.^  King  and  Hilham  pointed  out  that  the  cavities 
in  which  most  instruiiK'nts  had  been  operated  were  subject 
to  distortion  by  tidal  strains,  Tiltmeters  installed,  for  ex¬ 
ample.  in  a  circular  tunnel  at  A  and  B  in  Figure  2.^-27  will 

HARRISON  1978 


A  CMKU.M  TUNML  IS  OCFOMMCO 
•V  HOntZONTM.  STtUIN.  T1LTMCTEM 
AT  A  AND  B  RtCONO  STBAM-COunAD 
TILTS  AND  THE  HOAIZONTAL  STNAIHS 
ACBOSS  THE  TUNNEL  IS  THREE  TIMES 
AS  LARSE  AS  TNET  (ROULO  MVE  SEEN 
PRESENT. 

l-i|!urv  lyiT  Sirjin  tnUiKVil  lill  <n  u  circular  tunnel  IHamvtn.  I^'^H| 

record  strain-induced  lilts  equivalent  to  twice  the  hori/onlal 
strain  .Similar  effects  are  generated  by  topographic  and 
geological  iaegularities.  Since  most  theories  dealing  with 
the  earth  tides  or  seismic  wave  generation  and  propagation 
consider  large-scale  deformations  on  Ihe  free  surface  ol 
comparatively  simple  earth  models,  it  is  difticu'l  to  relate 
these  to  the  measurements  made  in  lixally  complex  regions. 

Harrison  |l97b|  has  treated  analytically  the  effects  of 
ellipsoidal  and  cylindrical  cavities  and  has  made  finite  ele¬ 
ment  calculations  ol  iivire  complex  cav  ities,  topography  and 
geology  .  For  example,  the  Ihxir  of  a  long  tunnel  shows  no 
strain-tilt  effect  along  the  axis,  nordix's  the  side  of  a  vertical 
borehole  t  racks  and  narrow  cavities,  hi’wever.  induce  large 
strains  and  tills.  Topographic  distortion  can  also  be  sub¬ 
stantial.  with  strain  effects.of  several  hundred  percent.  Ber¬ 
ger  ami  Beaumont  |  I97b|  have  corrected  the  results  from  a 
number  (>f  earth  strain  observatories  for  cav  ity  ,  topographic, 
and  geological  (that  is.  materal  inhomogeneity  i  effects  us¬ 
ing  finite  elements  These  corrections  generally  improved 
the  agreement  between  theory  and  observation,  primarily 
because  strain  measurements  are  usually  made  over  long 
'  -  'Omi  baseline-  along  tunnels,  where  the  corrections  are 
norniiilly  small  and  cracks  and  inhomogeneilies  relatively 
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insignificant.  For  mcasurcnKnis  made  with  short -hasc  fill- 
meters.  hovkever.  the  case  is  much  more  serious.  n<«  because 
of  the  complexity  of  the  kmrwn  cavity,  which  can  be  imnl- 
eled  sometimes  expensively,  but  because  of  the  unknown 
fracture  pattern  in  the  vicinity  of  the  lillmeters.  Thus  all 
earth  tide  measurements  made  w  ith  these  insirunKnts  were 
essentially  useless,  except  those  made  in  vertical  horehirles 
and  posMbly  those  designed  to  nninitor  temporal  variations 
in  the  tidal  parameters. 

These  cavity,  topographic,  and  geological  effects  arc 
frequency  independent,  including  both  slow  tectonic  move¬ 
ments  and  sudden  earthquake  off  .els.  as  well  as  tides.  Grav¬ 
ity  .ncasuremenis.  however,  are  vituallv  unperturbed.  To 
he  fa*e  of  such  perturbations,  tilts  must  be  measured  with 
long  base  instruments  in  shallow  trenches  excavated  in  flat 
terrain  or  borehole  tilimelers  referenced  to  the  side  of  a 
vertical  hole  | Wyatt  el  al..  19X2). 

23.4.3  Other  Motions 

In  this  section  the  causes,  magnitude,  and  methods  of 
UKasurenKnf  of  other  types  of  earth  motions  arc  discussed. 
.■Mso  addressed  are  those  spurious  motions  that  arc  often, 
measured  by  an  investigator  wbo  is  attempting  to  record 
tectonic  or  tidal  defoniiation.  These  iiK'lutle  the  effects  of 
surface  loading,  groundwater  and  soil  moisture,  and  tem¬ 
perature  lluctuaiions.  as  well  as  those  from  the  pumping  of 
oil  and  water  Ironi  wells.  While  probably  not  as  geophys¬ 
ically  interesting  as  the  broader  scale  phenonKna.  these 
deformations  are  often  larger  and  their  causes  more  subtle.' 
and  they  arc  often  tnorc  likely  to  affect  the  testing  and 
ttperation  of  sensitive  systems,  such  as  gyriK’ompasses. 

23.4.3.1  .Motion  Background.  In  Section  2.V,V.1  !.  the 
noise  spectrum  lor  short  pcruxl  motions  was  discussed  in 
terms  of  acceleration,  velocity,  and  displacement  The  large 
site-dependent  amplitude  vari  ions  cited  are  a  result  of  Nith 
the  type  and  strength  of  noise  source  and  inc  proximity  and 
characteristics  of  the  measurement  site;  that  is.  the  amplitude 
is  much  higher  al  a  point  on  unconsolidated  sediments  near 
a  freeway  than  on  a  pier  on  bedriKk  at  an  isolated  liKation. 
Also,  the  short-periiHl  noise  speetruni  is  characterized  by  a, 
numbi;r  of  sfong  peaks  and  pronounced  minima 

In  contrast  is  the  background  strain  spectrum  derived 
from  measurements  at  one  site  in  Colorado  and  two  sites  in 
California  JBergerand  Levine.  I‘t74|.  They  showed  (Figure 
2.7-2XI  that  the  background  rises  al  an  almost  constant  slope 
of  t  *  over  Id  decades  (Id’  to  Id  *  ll/i  of  frequency  cor¬ 
responding  to  penixls  ranging  from  Id  ms  to  aNnit  I  yr. 
and  that  the  pi.wer  levels  for  two  different  l\  pes  arid  lengths 
t.M)  m  versus  750  mi  of  irstrumenis  at  very  dillerent  sites. 
Colorado  mine  versus  California  desert  surface,  are  almost 
identical.  Of  loursc  certain  portions  of  the  spectrum  are  not 
time  or  space  invariant:  large  earthquakes  excite  the  normal 
modes  and  the  microseisms  show  pronounced  peaks  at  X 
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and  16  s  periods.  The  earthtides  were  removed  prior  to 
computing  the  spectrum.  Wyatt  |  I9X2|  presents  similar  data 
iMi  m.4ions  of  reference  monuments..  These  authors  surmise 
that  these  observation'.;  are  probably  representative  of  the 
strain  at  any  reasonably  quiet  site  in  the  world  or  are  an 
upper  limit.  The  tilt  spectrum  should  be  essentially  identical 
because  the  ampllidues  of  the  rotational  comprrnenis.  in¬ 
cluding  lilt  of  the  strain  tensor,  should  be  about  the  same 
as  those  of  the  linear  ones. 

23.4.3.2  Surface  Loading.  (X;ean  loading  has  a  signif¬ 
icant  effect  on  earth  tides.  Their  removal  is  particularly 
difficult  K'cause  both  ivcupy  the  same  frequency  space. 
Other  variable  or  mov  ing  loails  (trucks,  trains,  people,  water 
in  lakes  or  rivers,  snow)  can  produce  measurable  defor¬ 
mations  of  observation  sites.  Their  contributions  can  stime- 
times  be  calculated  and  removed,  but  almost  always  order 
of  magnitude  estimates  can  be  made^ 

Farrell  |  l'J72|  presents  the  iiKthixl  for  computing  Grwn's 
functions  (point  load  response)  for  realistic  earth  models  for 
tilt,  gravity,  and  strain.  Far  simpler  are  the  expressions  for 
displacements  at  any  depth  in  an  elastic,  homogeneous  half¬ 
space.  also  iricluded  in  FarreH’s  paper.  These,  iis  well  as 
formulas  lor  tilt  of  vertical  and  horizontal  line  elements,  arc 
given  by  l.ewkowicz  and  f'abaniss  ||qX()|.  Near  the  load, 
the  horizontal  tilt  can  exceed  the  vertical  by  as  much  as  a 
:'a.ior  of  three,  the  exact  ratio  being  a  fraction  of  Poisson’s 
ratio.  A  number  of  authors,  including  Kuo  |l'>6q).  have 
derived  approximations  of  the  response  of  horizoniallv  lay¬ 
ered  clastic  models  to  vertical  point  loads.  The  linitc element 
method  is  useful  for  more  complex  mixlels  and  loads.  For- 
niulas  for  dislriouted  loads,  such  as  discs,  hemispheres,  and 
hcnii-ellipsoids,  are  given  in  a  number  of  texts  including 
Farrell  |ld72|  and  llerbst  1197^)1  I’sually.  effects  of  dis¬ 
tributed  loads  can  be  very  adequately  and  easilv  approxi¬ 
mated  by  subdividing  the  surface  into  suitably  sized  cells, 
computing  the  point  ioad  contribution  of  each,  and  sumniing 
the  results. 

Numerous  cases  of  atmospheric  pressure  changes  caus¬ 
ing  signilican:  (several  times  the  tidal  amplitude)  tilts  and 
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siruins  uppcurcd  until  the  early  I‘>7IK  in  the  literature  |Mel- 
ehior.  I‘l6ft|.  Some  authors  postulated  the  coherent  move¬ 
ment  of  eruslal  hliKks  hundreds  iil  kilometers  wide  and 
partially  decoupled  from  adjoininj:  hlivks,  Hetosi  | 
areues  cons  incinely  that  such  observ  at  ions  must  result  from 
local  or  instrumental  phenomena.  He  iiUKleled  an  unusually 
intense  cyclonic  low  of  511  mb  and  found  that  the  maximum 
vertical  displacement  for  any  reasonable  load  distribution 
was  lb  mm  at  ;he  center  ol  the  '.oaded  reeion.  with  a  tilt 
of  45  nrads  at  the  center  and  edee.  far  less  than  the  typical 
tidal  tilt  of  IDII  nrads  He  was  able  to  show  that  the  apparent 
correlation  with  air  pressure  chanees  was  actually  a  result 
of  the  concurrent  rainfall  drainine  into  the  fractua'd  rock 
near  his  borehole  instruments,  a  phenomenon  that  w  ill  be 
treated  in  ereater  detail  later.  This  is  not  to  say.  of  course, 
that  air  or  water  pressua’  chanties  actinj;  nomial  to  slopinj: 
terrain  canmtt  produce  sieiiilicant  lilts.  This  is  especially 
true  in  clays  and  other  low-pemieability  materials  when; 
diffusion  of  pore  fluids  becomes  important  |/.schau.  1*1761. 
Direct  pa'ssure  effects  on  instruments  act  by  either  dislortinji 
compliant  sealed  cases  or  buoyinj;  the  mass  in  unsealed 
cases  The  variations  of  mass  attraction  of  the  atmosphea' 
must  be  consulered  in  very  precise  earth  tide  jiravimetry  . 

Vehicles  and  fluid  sioratie  tanks  can  produce  sijiniticant 
til’s  and  lilt  rales  at  nearby  test  facilities  built  on  uncon¬ 
solidated  soils  The  load  produced  by  a  vehicle  can  be  mod- 
el-'d  as  a  smele  point  source  at  distances  ereater  than  iha’C 
li.iies  the  vehicle  diameter,  and  as  the  superposition  of  four 
point  loads,  the  wheels,  at  lesser  distances,  l.ewkowicv  and 
C'abaniss  fl'iStl)  examined  the  lilts  produced  by  a  I.VK)  kji 
■  vehicle  They  found  the  niaximuni  vertic  il  lilt  at  a  depth  of 

1.. '  Ill  was  1.25  firads  at  a  hori/onlai  distance  of  l,.1  m 
i.iearesi  axlei.  which  rapidly  diminished  to  (I  2  ^rads  at 
6  m.  The  iiiaxiimim.  unmeasured  hori/onial  tilt  was  c  il- 
culaied  to  be  a  I  actor  ol  three  nr  lareer  Water  tanks  or 
similar  loads  can  be  IrcalcJ  as  disc  loads  nearby  and  p<>inl 
loads  at  distances  ereater  than  live  times  their  radius. 

23.4.. T3  I'hentuieldNlic  KrTeets.  .-Vs  iiialenals  aa-  healed, 
they  almost  always  expand,  thus  pnxlucini;  stresses  and. 
usually,  strains  anil  tills  fhese  are  almost  alw  ays  observable 
on  iiisirumcnts  installed  in  buildings  and  on  oi  near  :he 
earth's  surface.  Numerous  authors  eive  formulas,  tables, 
and  curves  for  calculatine  heal  How  from  various  types  of 
ssiurce  distributions  throueh  media  of  some  complexity  Ti- 
nile  element  methods  are  also  particularly  suited  to  making 
such  computations  In  geological  materials,  problems  al¬ 
most  always  arise  because  the  relevant  material  parameters 
are  unknown:  they  vary  both  spatially  and  lempirally.  and 
the  movement  of  groundwater  and  soil  moisture  greatly 
complicates  the  issue  Ihus.  most  tnodels  used  in  geo¬ 
physics  are  comparativelv  sitnple 

Harrison  atid  llerbst  ( l*»77|  discussed  themuxilastic  stniiiis 
and  nils  from  the  geophysical  insirumenlaiion  siaiidpoiril . 
The  mttsi  import.inl  compimenls  .iie  the  diurnal  and  annual 
temperature  waves,  which  petietr.ite  as  damped  progressive 


waves  in  semi-inlinite  halfspaces.  The  skin  depth  at  which 
the  amplitude  decays  to  l/e  is  aNtut  I  m  and  20  m  in  typical 
earth  materials  for  these  two  periods.  In  this  miHlel  the  nvk 
or  soil  can  '‘xpand  only  vertically  because  it  is  confined 
laterally  by  e4ually  heated  materials,  and  h  "i/oniul  com¬ 
pressive  stmsses  develop;  therefore,  there  is  only  vertical 
strain,  no  tilts  or  horizontal  strains.  However,  instruments 
installed  even  i-i  such  an  ideal  material  cinild  be  affected 
by  asymmetry  of  their  mounts  or  inherent  temperature  sen¬ 
sitivity.  In  the  real  world  with  linite  surface  topography  and 
variations  of  thermal  properties,  sideways  expansion  can 
take  place,  thus  generating  tills  and  horizontal  strains.  Har¬ 
rison  and  llerbst  |l*f77|  derive  an  expression  for  tilts  and 
strains  on  uniformly  sloping  topography  with  a  constant 
thickness  themial  boundary  layer.  For  a  temperature  wave 
of  2H.f  K  on  a  slope  of  6°.  the  strain  is  2  x  H)  ”  and  the 
tilt  is  20  prads.  both  falling  off  at  greater  depths  ay  does 
temperature. 

For  more  complex  topography,  linite  element  calcula¬ 
tions  have  proved  quite  satisfactory .  llerbst  1 1*1791  was  able 
to  explain  annual  tills  of  0.625  and  O'.  125  p.rads  observed 
at  depths  of  15  and  .10  m.  resgictively.  with  a  2-D.  three- 
layer.  linite  eleiiK’iil  model  of  this  site,  which  had  an  annual 
temperature  wave  of  2X1  K  amplitude  at  a  depth  of  I  m. 
This  technique  should  be  useful  in  assessing  the  temperature 
sensitivity  of  various  structures. 

In  buildings  and  other  facilities,  especially  those  ex¬ 
posed  to'solar  insolation,  the  tills  can  be  very  large.  As  one 
side  of  a  building  expands,  it  bends.  Hexing  the  Hixirs  and 
transmitting  stresses  to  its  foundation.  "Fhese  can  affect  lest 
piers  completely  decoupled  from  the  building  llixirs  and 
walls  unless  sui  h  piers  are  some  distance  from  the  foun¬ 
dation  Figure  2.1-2*!  I  l'sutsumi.  I970|  shows  the  tilt  on  a 
pier  in  an  insulated  building  standing  on  exposed  bedrock 
on  a  low.  forested  hill  and  with  no  temperature  control.  The 
annual  variation  is  over  IIX)  arcseconds  labout  4K5  girads). 
Fven  ill  buildings  with  some  temperature  control,  themio- 
elastic  ellects  are  dillicull  to  avoid  because  it  is  almost 
impossible  to  change  temperatures  uniformly  throughout  an 
entire  nxmi  Figure  21-  ltl  show  s  the  tilts  and  -air  temperature 
telearlv  diurnal  I  measured  near  the  center  of  a  massiv  e  con¬ 
crete  pier.  First,  note  that  the  phasing  between  temperature 
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and  tilt  is  n<»t  constant  This  is  because  the  pier  is  affected 
by  themuK'lastically-induced  tilts,  transmitted  through  the 
foundation  and  hcdr<K-k  to  the  pier,  caused  by  the  outside 
air  temperature  and  insolation  variations  that  are  out  of  phase 
with  the  rixim  temperature.  Second,  note  the  disagreement 
hetwc'cn  two  tiltmeters  set  on  the  same  plate  several  cen¬ 
timeters  apart.  The  differences  between  two  other  pairs  of 
adjacent  instruments  are  shown  on  an  expanded  scale  in 
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Figure  2.f-.3|.  BIk  2  and  BIk  I  are  in  the  same  housing  and 
the  discrepancies,  probably  due  to  small  misalignments,  do 
not  increase  with  temperature;  liovvever.  the  C.1  and  C4 
obviously  have  different  temperature  ciwfficicnts.  an  ex¬ 
ample  of  the  direct  temperature  effect.  A  clear  and  dramatic 
example  of  thermoelastic  rotations  is  presented  in  Figure 
2.V.32.  which  shows  rotations  about  the  vertical  axis  it),  and 
two  horizontal  axes.  (-)s,«,h  and  0,  ^.,.  Also  shown  is  the 
temperature  iThI  measured  at  a  depth  of  10  m  beneath  the 
ground  surface  in  a  missile  silo.  Aside  from  various  activ¬ 
ities  in  the  silo,  the  most  striking  feature  is  the  strong  diurnal 
character  of  the  rotations  and  complete  lack  of  daily  fluc¬ 
tuation  in  air  temperature.  The  tilts  even  have  the  shape  of 
the  typical  diurnal  outside  temperature  curve,  a  rapid  change 
of  temperature  until  m)on  and  a  dccreasingly  slow  return 
during  the  afterrunm  and  night.  The  troughs  are  within  one 
hour  of  liK'al  mxm  and  the  measured  tlexure  is  in  an  KNK- 
WSW  direction.  The  effects  of  heating  the  exposed  concrete 
are  obvipusly  transmitted  thernuK’lastically  far  down  the 
'structum.  .Such  large  motions  would  never  be  predicted  from 
half-space  calculations. 

23.4.3.4  .SxtII  Moisture  and  (Jroundwater.  Soil  mois¬ 
ture  and  the  movement  of  groundwater  through  riK'k  frac- 
tunrs.  soil,  and  other  unconsolidated  sediments  can  cause 
large  ground  motions,  and  these  are  the  most  difficult  t() 
mtxicl  and  predict  because  of  the  complex  mechanical  be¬ 
havior  of  soil  materials. 

The  most  obvious  phenomenon  is  the  lowering  I'f  the 
ground  surface  in  regions  where  oil  or  water  is  bcinc  ex¬ 
tracted  Iro.m  pixtrly  consolidated  sediments  Dramatic  ex¬ 
amples  of  this  (K'cur  along  the  Texas-Louisiana  (iulf  Coast. 
Las  Vegas,  and  the  San  Joaquin  Valley  of  California,  Where 
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the  clc\atitm  has  thatiged  8.5  m  I'rnm  1926  to  1972  due  to 
groundwater  pumping.  .Subsidence  rates  can  be  extremely 
high:  13  mm/yr  in  Louisiana  and  as  ga'at  as  24  cm/yr  in 
California  (Coinntittees  on  Geodesy  and  Seismology,  1981 1. 
In  .Ari/iHia,  hetwex-n  Fh<K‘nix  and  Tucsttn,  subsidence  caused 
by  groundwater  pumping  has  pnxluced  a  fault  over  13  km 
long  and  with  offsets  up  to  a  meter  |Hol/ner  et  al..  ,19791. 
The  mechanism  is  the  removal  of  the  supporting  pore  pres¬ 
sure  between  the  soil  jxirticles.  particularly  the  clay  frac¬ 
tions  The  priK'ess  can  be  halted  and  partially  reversed  by 
recharging  the  affected  strata.  In  Long  Beach.  California. 
scrio,us  subsidence  caused  by  oil  pumping  was  arrested  and 
is  ni>  longer  a  threat  despite  continued  exploitation  because 
water  is  injected  at  the  same  rate  as  petroleum  is  extracted. 
Damage  appears  in  the  form  of  ruptured  well  cases,  coastal 
lloiHling.  shifted  foundations,  and  improper  flow  in  surface 
canals  and  aqueducts.  Subsidence  patterns  are  mapped  by 
releveling  and  by  measurements  on  well  casings.  GPS  and 
VLBI  surveys  (Chapter  24 ( should  he  applicable  here. 

The  usually  unpredictable  effects  of  the  subsurface 
movement  of  water  can  seriously  hamper  geophysical  meas¬ 
urements.  Herbst  1 1979]  was  able  to  show  that  surface  water 
from  rain  and  melting  snow  moving  into  vertically-fractured 
rtx'k  caused  large,  erratic  tilts  of  borehole  instruments.  Ap¬ 
parently  the  pressure  head  differences  in  adjacent  fractures 
caused  sufficient  bending  movement  in  the  rixtk  between 
them.  The  noise  levels  created  were  so  great  they  signifi¬ 
cantly  degraded  the  tidal  results,  even  from  an  instrument 
as  deep  as  .M)  m.  and  made  it  impossible  to  measure  tectonic 
nnnion.  if  any  .Attempts  wem  made  to  model  this  mech¬ 
anism  using  linear  systems  techniques  to  predict  the  effects 
and  cormet  the  tilt  measurements  given  the  amount  of  pre¬ 
cipitation  and  lemperature.  but  these  wem  unsuccessful  be¬ 
cause  of  the  nonlinear,  time-vary  ing  nature  of  the  phenom¬ 
enon  and  other  variables. 

One  of  the  most  successful  and  stable  sets  of  long-term 
strain  measuremenis  is  from  the  Pinon  Flat  Observatory  in 
southern  California  IBcrger  and  Ix’vinc,  l,974|.  but  these 
results  too  are  contaminated  by  tilts  and  hori/onfal  motions 
of  the  large  granite  piers  at  each  end  of  the  three  7.‘'()  m 
laser  strain-meters  Wyatt  |I982|  has  made  an  extensive 
study  of  six  years  of  Pimm  Flat  data  and  concludes  the 
random  motion  in  the  partially  weulhered  bedrivk.  although 
obviously  related  lo  temperature  and  precipitation,  is  un¬ 
predictable  It  seems  that  small-scale  inhomogeneities  and 
the  subtle  variations  in  the  stress  held  caused  by  soil  mois¬ 
ture  and  temperature  variations  are  too  time-variable  to  nnidel 
These  elfects  are  also  obvious  in  the  Pinon  Flat  shallow 
tiltmeter  data  (Figure  23- from  Wyatt  et  al..  I982|.  Beta 
and  Delta  are  Kinemetric  instruments  (sensor  in  the  base  of 
a  l.l  m  stainless  steel  liibi-i  sand-packed  into  holes  4  5  m 
deep.  ADI  is  an  .A  D  1  ittlc  instrument  at  26  m.  and  LFT 
Is  a  s  t.s  m  long  fluid  tifimeter  I  he  precipitation  effects  on 
Beta  anil  Della  arc  obvious,  as  are  the  thermal  ones  in  their 
s|X'ctra  (Figure  23-34.  from  Wyatt  et  al  .  I982|.  Mere  the 
meteorological  inputs  have  raised  the  noise  levels  of  the 
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shallow  instruments  alxiut  20  dB  above  those  of  tK'  'Vl-.er 
two  and  rendered  them  useless  for  the  measurcmct.  of  long¬ 
term  tectonic  mr'vements.  The  unpredictable  monument  mo¬ 
tions  also  have  serious  implications  for  strain  measurements. 
Wyatt  1 19821  points  out  that  a  7  km  long  instrument  would 
be  mquired  to  measure  the  approximately  I  x  10  ’  yearly 
strain-rate  observed  in  California  to  within  .  His  stv 
lution  has  been  'o  reference  the  surface  monuments  to  the 
deeper,  presumably  more  stable.  bedriKk  with  an  "optical 
anchor."  which  is  essentially  an  interferometer  with  two 
paths  inclined  at  4.^"  to  the  surface  down  to  a  depth  of  15 
m.  Even  with  lines  of  20- .50  km.  the  stability  of  monuments 
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is  im|xinant;  0.5  mm  being  0.1  x  10  ’  on  a  .50  km  line, 
movcnicnl  easily  caused  by  thermal  or  soil  creep  phenom¬ 
ena. 

Antrthcr  example  of  the  problems  associated  with  con¬ 
tinually  monitoring  secular  crustal  movements  is  shown  in 
Figure  2.5-.5.5  (Cabaniss,  1978).  Data  from  three  borehole 
tiltmeters  installed  .5  m  from  the  bottom  of  cased  holes  100 
m  apart  and  l(K)  m  into  bedrock  beneath  20  m  of  overburden 
have  been  rotated  into  North  and  East  components.  Relevels 
have  not  been  removed  from  ibc  first  eight  months  of  data 
from  #1  or  two  months  from  #2.  The  rapid  drift  starling 
at  Day  740  seen  on  #2  North  actually  occurred  almost 
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equally  on  both  channels  but  in  opposite  directions.  It  lasted 
for  45  days  and  was  pt)Nsibly  caused  by  corrosion  of  the 
mild  steel  casing.  Instrument  #3  displayed  remarkable  sta¬ 
bility  over  the  three  year  pericxl.  the  net  chanee  being  0.3 
prad.  with  a' maximum  excursion  of  2.0  p.rads.  Tl.:  #3 
drift  rate  is  about  0.1  pirad/year  down  to  the  SW.  Leveling 
[Brown.  l97Sj  and  tide  gauge  data  (Figure  23-24)  sugj^est 
a  rate  of  0.01  (jirad/year  dowh  to  the  North. 

23.4.5.5  Conclusions.  A  host  of  extraneous  motions  make 
the  measurement  of  tectonic  and  other  geophysically  inter¬ 
esting  crustal  deformations  difficult,  particularly  for  long 
time  pcriiHls.  These  same  motions  are  usually  the  ones  tfiat 
cause  stiuctural  damage  and  corrupt  test  results  and  oper¬ 
ation  of  sensitive  systenv  in  near-surface  facilities.  In  most 
cases,  the  usual  geophysical  deformations  are  of  little  or  no 
consequence  except,  of  ci  ui  sC.  for  earthquakes  and  volcanic 
activity. 

The  measurement  of  long-term  crustal  deformation  is 
highly  dependent  on  reference  point  •  tahility.  At  the  present 
time  only  repeated  annual  surface-based  geivictic  measure¬ 
ments  over  2(1  ti.  .50  km  lines  and  continuous  long  base 
tiltmeter  mcasureivients  appear  to  have  the  necessary  pre¬ 
cision  to  monitor  the  strain-rates  observed  in  California. 
Space-based  techniques  have  the  n»)tential  forextending  this 
precision  over  longer  distances  and  vastly  increasing  the 
frequency  of  measurement. 

23.5  ROTATIONAL  MOTIONS 

Rotational  motions  are  typically  classiHed  by  geophys¬ 
icists  as  either  a/imuthal  rotations  or  tilt.  A/iniuthal  rota¬ 
tions  are  those  motions  that  (Kcur  in  a  horizontal  plane  about 
a  vertical  axis,  while  tilts  (K-cur  about  axes  in  the  horizontal 
plane.  Both  the  relative  motion  of  a  reference  dc'  ice  o'  er 
time  and  the  absolute  motion  with  respect  to  a  permanent 
reference,  such  as  an  astronomical  or  earth  fixed  ciKirdinate 
system,  are  of  interest  to  geoj  iiysicisls.  However,  since 
recent  research  has  emphasized  improving  azimuth  mea¬ 
surement  accuracy,  the  discussion  in  the  following  sections 
will  fiKus  primarilv  on  azimuthal  rotations. 

Knowlege  of  true  azimuth  or  azimuthal  rotations  ha' 
applications  for  pointing,  tracking,  navigation,  and  evalu¬ 
ation  of  geophysical  phenomena.  Historically,  except  for 
surveying  applications,  the  .Air  Force  interest  in  making 
precise  azimuth  measurements  has  lieen  limited  to  ( 1 1  es¬ 
tablishing  or  verilyihg  the  azimuth  of  a  referenee  mirror  in 
a  test  laboratory.  (2)  establishing  a  reference  for  a  tracking 
device  such  as  a  radar  antenna,  or  (3)  initializing  aiul/or 
verifying  the  performance  of  an  inertial  navigation  sy  stem 

L  ntil  rccentiv .  the  accuracy  reqiiireil  fir  these  functi.ms 
has  been  oa  'he  order  of  ,5  arcsecond-  of  uncertainty  Since 
short  pcriiHl  motions  of  azimuth  references  are  ''  picallv  less 
than  or  equ.d  to  this  measurement  uncertainty,  azimuth  w  as 
normallv  considered  to  be  a  quasistatic  parameter  and  was 


measured  intermittently  (every  few  months  or  longer).  A 
time  history,  referred  to  as  u  "data  base."  was  frequently 
used  ti>  describe  the  long  period  or  step  motions  of  an  azi¬ 
muth  reference. 

Little  improvement  was  made,  to  either  instrumentation 
or  measurement  techniques  for  several  decades  until  the 
need  for  high  accuracy  missile  navigation  systems  forced 
the  R&D  community  to  explore  new  technology  for  azimuth 
measurement.  These  systems  req"ire  measurement  accuracy 
of  less  than  I  arcsecond  over  much  shorter  measurement 
periods.  Thus,  the  smaller  geopiiysically  and  culturally  in¬ 
duced  n.otitins  of  the  tgrget  point  as  well  as  those  of  the 
measuring  device  are  now  significant,  and  classical  mea¬ 
surement  techniques  are  nearly  obsolete. 

Recent  research  has  advanced  both  instrumentation  and 
mcUsuiement  techniques.  This  section  addresses  the  most 
common  of  these  advancements,  including  their  improve¬ 
ments  as  well  as  their  limitations.  The  discussion  highlights 
both  instrumentation  eirors  and  the  geokinetic  influence  on 
instrument  performance. 

23.5.1  Definiiion  of  Azimuth 

Prior  to  discussing  the  various  measurement  techniques, 
however,  it  is  first  important  to  define  azimuth  to  ensure 
consistency  in  performing  and  reporting  azimuth  measure¬ 
ments.  Generally,  the  azimuth  of  a  point  is  defined  in  terms 
of  either  an  astronomical  or  geodetic  cimrdinate  system  j  De¬ 
partment  of  IVt'cnse  Glossary  of  Mapping.  Charting,  and 
Geodetic  Terms.  I9/3|. 

The  astronomic  azimuth  between  two  points  P  and  Q  is 
illustrated  in  Figure  23-36  [Mueller.  1969).  It  is  defined  as 
the  angle  "a”  formed  by  the  intersection  of  the  observer’s 
astronomical  meridian  with  the  plane  conti'.ning  the  ob¬ 
served  point  and  the  Iruc  normal  (vertical)  of  the  observer, 
measured  in  the  liKal  horizontal  plane  cliKkwise  from  true 
North . 

The  getnlctic  azimuth  is  the  angle  between  the  geodetic 
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Figure  2.V37.  n/imuth  on  the  ellipsoid  IMuclIer.  I%^1 


meridian  and  the  tangent  to  the  gc'^lesic  line  at  the  observer, 
measured  in  the  plane  perpendicular  to  the  ellipsoidal  normal 
of  the  observer,  chKkwise  from  South.  This  is  illustrated 
in  Figure  23-37. 

It  is  sufficient  to  say  that  the  difference  between  the  two 
definitions  is  the  figure  of  reference.  Astronomical  azimuth 
refers  to  the  astronomic  rotation  axis  of  the  earth  while 
geodetic  azimuth  refers  to  an  ellipsoidal  model  of  the  earth 
and  its  respective  mathematically  defined  pole.  For  ovr  dis-. 
cussion.  we  wili  refer  only  to  astronomic  azimuth. 


23.5.2  Conventional  A/imuth  Determination 

Normally,  we  want  to  know  the  azimuth  of  a  line  of 
sight  normal  to  the  mean  surface  of  some  target  or  test  fixtu''e 
which  is  located  at  some  angle  with  respect  to  true  North. 
Thus,  the  problem  is  divided  into  two  parts:  ( 1 )  determining 
the  azimuth  of  the  line  between  the  observer  and  a  known 
reference  such  as  a  star  at  a  specific  epoch  of  time,  and  (2) 
measuring  the  horizontal  angle  between  the  star  and  the 
target.  Star  observations  are  made  using  theodolites.  The 
circumpolar  star  Polaris  is  preferably  observed  since  its  near¬ 
zero  azimuth  minimizes  the  effect  of  errors  in  knowledge 
of  the  station  latitude  on  the  azimuth  determination.  The 
celestial  coordinates  of  Polaris  required  to  compute  its  azi¬ 
muth  are  obtained  from  a  star  catalogue. 

Figure  23-3S  illustrates  how  this  technique  may  be  used 
in  a  test  facility  to  estcblish  an  azimuth  reference  with  a 
fixed  mirrored  cube.  The  master  cube  is  used  as  a  mean 
azimuth  reference  after  reivated  observations  of  the  star  and 
the  cube  from  the  theodolite  station.  The  azimuth  of  the 
master  cube  can  be  calculated  simply  by  adding  the  angle 
between  the  cube  and  the  star  to  the  azimuth  of  the  star. 
The  ix'ntaprism  is  used  solely  to  observe  the  surface  of  the 
master  cube  from  a  geometric  setup  which  does  not  allow 
direct  access  from  the  theodolite  station. 
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Figure  2.1-.1X.  Schematic  of  typical  at  trunoinic  azimuth  iibscr.atiuns  in 
an  inertial  test  facility. 


Conventional  azimuth  measurcnient  techniques  are  se¬ 
verely  limited  by  a  number  of  factors  as  illustrated  in  Table 
23-6  IRoberts.  1980).  The  large.q  single  error  source  is  the 
“personal  equation"  of  the  observer,  which  car'  contribute 
several  arcscconds  of  bias  and  uncertainty  to  the  azimuth 
estimate. 

In  addition,  conventional  trf  -rvations  are  limited  to 
clear  nights  and.  therefore,  inher.ent'y  prohibit  observation 
of  motions  of  the  desired  target  v.ithin  periods  of  less  than 
24  hours.  These  motions  are  typically  I  arcsecond  and  can 
be  as  large  as  5  arcscconds. 

Few  improvements  to  conventional  measuremen:  tech- 
nolgy  have  been  made  in  recent  years.  However,  one  sig¬ 
nificant  improvement  may  result  from  research  at  the  Uni¬ 
versity  of  ivlaryland  sponsored  by  the  Defense  Mapping 
Agency  under  the  supervision  of  Air  Force  Geophysics  Lab¬ 
oratory.  This  research  has  led  to  the  development  of  a  pro¬ 
totype  array  eyepiece  system  for  a  \>'ild  T-4  iheodolite  known 
as  a  Charge  Cou[  ■-  Device  (CCDl.  The  prvrtotype  CCD 
automatically  "obse.  .s"  and  records  the  transit  of  a  star 
across  a  photo-diode  array  which  uas  known  coordinates 
with  respect  to  the  T-4,  thereby  retiioving  observer  errors 
The  path  of  the  star  across  the  array  is  then  used  ti)  determine 
an  estimate  of  the  reference  azimuth  that  is  independent  of 
observer  bias.  Th's  azimuth  is  then  transferred  in  the  con¬ 
ventional  fashion  to  the  desired  target  |Currie  and  Salver- 
moser.  19X1), 
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Wo  23*6.  A^imulh  <jr  hori/onlal  angle  crn>r  sources  [Roberts.  1980}. 
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1  hrrxir  .Source 

Instrument 

Magnitude  (sec) 

Ref 

Notes 

■  -Star  Moxk'Is 

0.1 

!  K.indom  circle 
graduaiu  n  errors 

-  I  ..S  to  1 

l.T 

Optical  window 

' 

±0.12.** 

2 

Non-flatness  ol  cube 

i>r  mirror  laces 

i0.06 

2 ' 

Thermal  circle  in<;ex 
drill 

_ 

()..T 

10 

23.5.3  Inertial  Azimuth  Determination 

ITii.'  heart  i>t  any  inertial  a/in;ulh  eysteni  is  the  pvro- 
seitjv  \Mu  n  il  IS  .iperateJ  as  a  eyriKTompass  like  the  A/i- 
niulh  I  jytne  Vl  (  Al  Si  m  riy’ure  2^-,'^.  the  cyro  senses  a 
eiiinpiaient  <'l  ihe  earth  s  nwation  rale  vkhieh  is  pri>pi>rti«);ia' 
III  ayiduiih 

Ihe  sinele  ik  eree  I'l  Ireedoni  iSIXIKl  Hualetl  gyro  used 
in  Ihe  \!  .S  may  he  dc'erihed  as  a  sealed  eyiindrieal  eanisier 
wiihin  ;^nt^her  vanuier  I>ie  inner  canister  called  the  float. 
inmK'rscd  m  a  fluid  at  neutral  buoyancy .  contains  a  riHaiing 
wheel  which  eenvTjtes  aneulai  montenium  The  SIX)F  gyro 
has  three'  prini.  ip.il  .i\  ;s  which  are  defined  by  the  wheel  and 
tn  ml  t'rvnlati''ii  aiKl  ihe  timbals  >m  which  the  gyro  is  mounted 
as  dliisiraled  m  I  leure  2  T4(!a  The  spm  ixisiSAtardinitput 
axi*.  il)\i  are  pin. Kails  detineil  by  ;he  wheel  axis  and  the 
loiit'inadina!  axis  nt  the-  float,  respeeincly  The  input  axis 


I  lenro  ,X/ui)(iih  1,K  .ne  .c:  esT'sanipa.. 


llA)  is  defined  as  niulually  perpendicular  to  SA  and  OA. 
In  genera!,  any  gyroscopic  elctnen!  (wheel  and  axle*  has  ai. 
inl'nite  nunibc-r  of  pairs  of  input  and  outpu'  axes  at  right 
angles  to  each  other.  The  number  of  gimbals,  in  our  case 
two,  defines  the  degrees  of  freedom  and  therefore  the  sen¬ 
sing  axes. 

During  operation,  the  gyro  w  heel  is  rotated  rapidly  about 
Ihe  spin  axis  which  generates  angular  momentum  (H).  When 
an  angular  rate  is  introduced  about  the  input  axis  (011^).  a 
precessional  torque  (Moi  is  generated  about  the  output  axis 
which  is  proportional  to  the  vec:  ir  cross  priHJuci  of  H  and 
u>, V.  This  torque. can  then  be  expressed  mathematically  as 

Mo  =  If  y  ii>,\ 

23.5. I  (iyrocnmpassing.  The  gyro  is  capable  of  sen¬ 
sing  any  rotation  about  its  input  axis  If  the  gyn>  is  main¬ 
tained  in  a  lixed  orientation  on  the  earth,  it  senses  a  com- 
pi'nenl  of  the  earth’s  roial’on  rale  that  is  proportional  to  the 
angle  between  the  input  axis  and  the  earth’s  rotatio.i  axis 

III  iiK-asurc  a/iniuth  with  a  sensor  like  Ihe  ATS.  the 
gyri  is  oriented  so  that  Ihe  input  axis  is  nearly  east  or  west 
m  a  local  horizontal  plane  where  the  sensitivity  to  small 
a/imulh  change  I'cnsed  earth  rale)  is  m  iximi/ed  The  earth 
late  sensed  by  the  g-ro  i.  then  ui,  >,  iu, ,,  sin  «.  where 
u.i  M  Is  Ihe  hori/ontal  compi'iient  of  the  earth’s  rotation  rate 
lu>,  II  -  <'<1  cos  (|,.\'I  i|.  and  It  IS  the  desired  a/imuth  ol 'he 
"i|  ul  axis  ileiined  Iroin  astronomic  l-.ast  Note  that  Ihe  ellcci 
of  latitude  on  gyro  output  |s  com|X'nsaled  for  b\  applsiiic 
a  scale  lacloi  to  Ihe  gyi''  oufp'.il  signal  B\  comh'nine  the 
equ.ition.  (or  'orqu  •  anil  l.A  rale  we  can  sohe  tor  a/iimith 
o|  rbc  l.A  in  leiiiis  ol  the  gyro’s  lorquc  ouiput 

M" 


where  r  represents  the  suiii  of  other  error  torques  ilo  '>c 
discussed  laierl 
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In  lhi>  Dricnljtion.  iht-  Al-S  Ncn'or  niirrnrx  jro  ;ilisnciJ 
ncarlv  Ntirth -Sdiilh  hci.jiJM.‘  ct  ihcir  pcrponilKiil.iril\  with 
Ihc  cxru  l-\  Tin-  comhiiialion  dl  ihc  pxru  |i>rqiK-  outpul  anil 
ihcmloliii-  or  Ollier  anelc  ^K■a'Url•^l«.•nt^  helween  the  xensor 
mirror  ami  ihp  tarei  t  then  pro\  ule  the  Ji’MrcJ  larL't'l  a/iniuth 
I  ntortunaloh .  meihann.al  i;\ro-iopci  cvhihil  xub^tan 
Hal  torque  ilritl  mth  lime  Smee  ihe'e  error  torques  are 
oHen  laiee.  some  means  ol  \eparaline  the  rlnlt  ol  the  a/i 
mtith  sienals  is  neeessars  Traililii’naMN .  this  is  aeeorii- 
plished  b;  reposiiiomne  the  esro's  axes  m  lour  orienlalions 
dunne  eaeh  sample  sequenee  b\  movine  the  i:\ro  im  the 
two  eimbal  mounts,  as  shown  m  the  tunelional  represen¬ 
tation  in  l  iL’ure  2d-  lflb  I  his  leehiiique  is  known  as  toiir- 
posiiion  e>  riH'ompassine  I  he  rectosiiionme  ereales  a  set  ot 
obseri .I'lon  equations  that  when  eornbined.  eliminates  Ihe 
axeraite  exro  drill  errors  However,  this  same  process  In- 
Iroiluces  siemlitaiit  mcelianic.d  and  eleitriial  errors  iliie  to 
Ihe  act  ol  repositionme  the  m.  ro  I  liese  errors  represen»  the 
limit  ol  aeeuraev  loi  ihi  lour  posiiionini.’  evrocompassini; 


technique,  and  until  recently  were  the  limiting  factor  for 
inertial  a/imuih  measurement. 

23.5.3.2  Wheel  Speed  SSodulatiun.  Positioning  errors 
no  longer  limit  inertial  a/imuth  measurement  accuracy  since 
recent  technology  advancement  has  eliminated  the  require¬ 
ment  for  continuous  gyro  repositioning.  A  state-of-ihg-art 
mechanical  gyroscope  has  been  built  w  ith  a  permanent  mag¬ 
net  (PMl  wheel  which  exhibits  highly  repeatable  torque 
output  at  any  wheel  speed.  This  characteristic  makes  a  tech¬ 
nique  known  as  Wheel  .Speed  Modulation  a  feasible  alter¬ 
native  to  four-position  gynK'ompassing  j.Shearer  et  al..  I98l)|. 

WSM  IS  simply  an  iterative  variation  of  the  gy  ro's  wheel 
speed,  and  thus  its  angular  momentum  H.  between  two 
discrete  values.  The  gyro  is  maintained  in  a  lixed  orienta¬ 
tion.  For  this  special  case.  Ihe  gyro  torque  at  each  wheel 
speed  is  proportional  to  the  respective  value  of  angular  mo¬ 
mentum.  and  one  can  then  write  two  observation  equations 
for  the  gyro  torque  in  the  form 

M]  =  H|  uj|,i  +  f 

M.  =  H.  wu  -r  r  +  ■ 

Substracting  these  two  equatiiHis  yields  a  ngw  equation  which 
is  free  i>f  Ihe  Iradilionat  gyro  torque  errors  r  without  re- 
po'ilioning. 

AM  =  AH  t»|,i  +  Fwsm  ■ 

where  rusM.  the  torque  change  due  to  the  speed  change,  is 
quite  repeatable  for  a  permanent  magnet  wheel  gyniscope 
and  can  be  readilx  calibrated, 

.Sub-an.'H.'cond  a/imuth  nvasurement  unceriaintx  has  been 
achiexed  using  WSM  ol  a  P.M  gyro  |Shearer.  |qs2|'. 

23.5.3.3  Ring  I.aser  (iyroscope.  Finally,  recent  tech- 
milogical  developments  in  ring  lasi-r  gyroscope  iRI.Gi  tech¬ 
nology  show  promise  lor  .accurate  a/imulh  iiK'asUic.iKnl 
F'vir  this  lecnniquc,  light  fn>m  a  pulsating  laser  is  si-nt  through 
a  beam  splitter  The  resulting  two  identical  signals  are  then 
sent  in  i>pp  'site  directions  around  a  closed  path  back  to  a 
sign.il  dclecior  It  no  e.nth  lalc  <h  other  cornipting  rales  are 
se'iiscd  hy  the  gyro  in['ul  axis  il.A  F'asi  or  West  in  the  hor- 
i/onial  planei  the  two  signals  will  arrive  at  the  signal  de¬ 
tector  exactly  in  phase  with  each  other,  How..ver.  d  the 
gyro  IS  sensing  a  component  ol  earth  rale  due  to  its  a/imuth 
misalignment  Irom  F.-V\.  the  efteel  will  he  an  apparent 
change  in  path  length  hc‘lween  the  two  directions,  thereby 
resulting  in  a  ph.ise  shilt  between  the  two  signals  at  Ihe 
signal  detector  fhis  phase  shill  is  directly  proportional  to 
the  a/miu!hal  component  of  the  earth  rate  being  sensed  by 
the  gyro 

fodale.  high  accuracy  has  not  bc'cn  achieved  with  Ring 
l.ascrf  iy  roscopcs  Some  ot  the  practical  problems  w  ith  King 
I  ascr  (ixroscopcs,  such  as  lock  in  near  zero  torque  and  size 
versus  accuiacy  iradcolls.  arc  now  being  addressed  by  on- 
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goinj;  a’search.  Howovcr.  these  j.',yros  have  several  desirable 
attributes.  Hirst,  they  ean  be  sampled  at  very  fast  rates  to 
obtain  a  rapid  a/imuth  measurement.  This  estimate  can  be 
further  enhanced  by  smcntthinj:.  averaginj:  or  other  signal 
prtK'essing  techniques.  Second,  they  do  not  require  long 
warm  up  periods,  making  them  ideal  for  use  in  dorman* 
systems.  Finally,  since  they  have  no  moving  parts,  high 
reliability  is  likely. 

23.5.4  Geophysical  and  Local  Environment 
EfTects  on  Inertial  Instruments 

(ienerally.  getiphysical  phenomena  ean  he  classified  as 
global  or  liKal  I  Williams.  |‘I7(I|.  Globa!  phenomena.' sueh 
as  p«>lar  motion,  changes  in  the  day  length  (('hapter  24), 
and  plate  motions  iSeetion  2,^.2t.  although  severe  at  limes, 
generally  have  less  effect  in  inenial  instruments  than  local 
effects.  Figua’  2.T4I  shows  the  frequencies  of  some  of  the 
more  important  liKal  motions.  Table  2.^-7  indicates  the  pa¬ 
rameters  most  affected  by  these  motions  ami  the  expected 
level  of  disturbance  IMcKinley.  I‘>75|. 

,  Ijrge.  even  distant  earthquakes  iSectitm  2.4,.f.2l  can 
cause  signilicani  perturbations  in  the  output  of  a  gyro  since 
ground  acceleralu ns  sensed  by  tbe  gy  n»  generate  ern>r  torques. 
Inertially  derived  a/imuth  data  obtained  during  the  passage 
tif  earthquake  waves  will  ihemfoa'  he  degradevi  by  the  gniund 
motions  However  these  degradations  are  generally  short- 
temi  phenomena  and  schetiK’s  for  extrapolating  across  earth¬ 
quake  events  are  commonplace. 

Ia*ng  period  crustal  motions  (Section  2.4.41  of  concern 
in  inertial  hardware  testing  and  operation  are  those  caused 
by  atmospheric  and  hydrostatic  kiading,  fault  displace¬ 
ments.  and  areal  strain  accumulation  Although  these  m<'- 
tions  can  cause  sizable  rotations  and  displacements  (Gray 
ct  al  .  I‘f72|.  they  generally  have  no  instantaneous  effect 
on  inertial  measurenKnt  insiruiiK-ntatuin,  and  any  cumula- 
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tive  errors  can  be  accurately  evaluated  by  repeated  meas¬ 
urements  and  their  elfects  removed  computatkvnally 

Despite  i:  c  obvious  contributitm  from  these  geophysical 
phenomena,  variatiors  in  the  local  micro-envininment  arc 
still  the  major  error  source  for  all  inertial  instruments  Daily 
temperature’  cycles,  such' as  those  shown  in  Figures  2.4-42 
and  2.4-44.  and  localized  themial  gradients  ean  intnxluce 
significant  time-varying  base  tilt  motums.  These  tilts  and 
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Earthquake  Waves 

5  s-  1  mm 
to  |(X)  deal 

Tides 

12  24  hrs 
(t  2.4  ^gal 

MicniseiCms 

I  <1  1  s 

10  pgal 

Pole  Motion 

12.  24  months 
0.5  s  (latitude) 

Cultural  Thermal 

0  5  dgal  to  10 
mgal 

0  1  to  10  s 

.\ccelc  .vnK’ier 

S.aie  l  actor 

X 

X 

X 

X 

Fca- 

x 

X 

X 

X 

Non-Lineariiv 

X 

X 

X 
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1  i\  ro  Scale 
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bias 
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(j-Sensitive 
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the  asstKialed  till  rates  ean  eause  a/iinuih  measurement 
ctTi'rs  ol  up  III  several  areseennds  (Hjmre  2.1-44I  and  must 
K‘  eiimpensaied  lor.  Kor  example,  at  4,^  latitude.  I  are- 
seeond  of  tilt  ol  the  fiyro  lA  results  in  a  I  areseeond  a/imutli 
measurement  error  .A  till  rate  about  lA  of  less  than  0  2 
areseeonds  pet  hour  induees  a  I  areseeond  a/imuth  em*r 
Tvio  lundamental  approaches  have  been  developed  lor 
mininii/in}.'  moiion-indueed  errors  in  the  testing  and  oper¬ 
ation  ot  inertial  insiruiiiciiialion  The  most  eommonly  used 
teehnie|ue  has  heen  in  attempt  to  isolate  the  lest  instrument 
or  operational  system  from  disturbing  motions  by  either  a 
passive  or  active  isolation  system.  An  alternate  approach 
is  to  nK'asure  and  ch.iracteri/e  the  perturbing  noise  held, 
estimate  its  contribution  to  component  or  systen;  be¬ 
havior.  and  remove  the  error  term  by  signal  processing. 
The  characteristic  ot  the  noise  tield  will  determine  the 
deeree  ol  viphisticalion  required  in  estimating  and  amiov- 
iiig  the  eflecls  of  the  disturbing  motions,  a  signilicanl 
amount  ol  research  has  been  cvinducted  to  accurately  iikm- 
sua-  and  comi'cn  .ite  lor  base  tilt  rales  and  additional  ar- 
search  is  required  to  successtully  compensate  inertial  a/i- 
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TlMC  |H0U*S) 

l'i|;un'  ^^  44  .\/iniuth  vtuh  due  to  icmpcraiurv  induecd  lilt 


mufh  nK’asuamK*nts  lor  lilt  rates  to  the  present  sub-an.'secood 
aeeuracy  objectives. 

23.4.5  Azimuth  Data  Base 

A  number  of  agencies  maintain  a  lime  history  of  the 
average  motions  of  a/imuth  referenees  in  the  form  of  a/i- 
muih  data  bases.  These  a/imulh  data  bases  paivide  impor¬ 
tant  information  about  the  long  periixJ  motions  which  affect 
all  inertial  test  facilities  ami  which  can  severely  degnule  lest 
results 

One  of  the  most  extensive  data  bases  now  being  main¬ 
tained  IS  at  the  Aerospace  (iuidance  and  Metmlogy  Center 
1  Afi.MCi  in  Newark.  Ohio  Similai  data  bases  described  by 
Roberts  |  l‘>S0|  include  the  .Advanced  Inertial  Test  laibo- 
ralory  at  Holloman, AKB.  the  Northrop  Test  laboratory  A/i¬ 
mulh  hicility  at  llawthoriK.  California,  and  the  Charles 
Stark  Draper  l.aboratory  in  Cambridge.  Mass  However, 
because  ,1  the  amounts  iif  data  available,  the  AfiMC  facility 
will  he  described  in  some  detail. 

.A(iMC  maintains  an  a/imulh  history  of  a  master  cube 
as  depicted  in  l  igure  2^-4.^  Three  different  a/imuth  ref¬ 
erences  are  measured  at  ACiMC.  The  a/imulh  of  the  master 
ciiK'  IS  deieriiiined  by  pv-riinlic  obsc-rvalion  of  Polaris  and 
traiisler  to  the  master  culx‘.  as  previously  described  The 
a/iniuth  ol  a  long  line  m.rnument  is  also  determined  by 
Iranslemng  the  a/imulh  from  Polaris  to  the'  monument.  Ki- 
nallv.  a/imulh  is  transferrcil  fri'iii  the  master  cube-  to  cubes 
mounted  on  long  isolation  blocks  to  hi‘  used  at  seleded  lest 
stations.  On  the  average,  ten  a/imuths  are  determined  per 
month 

Tigiiie  2  t  q.'s  show  s  a  plot  of  lepealevl  a/iiiiulii  estiinaies 
for  the  master  cube  a/miuth  data  base  lor  the  years  PtT.s  7X 
Tach  data  ivoinl, typically  represents  the  average  of  lb  sight¬ 
ings  on  Polaris  and  the  master  cube  Two  trends  are  im¬ 
mediately  apparent,  a  sinusoidal  annual  variation  aod  a  de- 
ercvsiiig  steady  Imetir  drift.  .Annual  climatic  variations  and 


23-40 


GEOKINETirS 


f  »  1  ' 


JW  f  <■  iir*  »•  *1  Vi  «• 


li^’utc  Air  h»nc  <iuKJ.irKC  jnJ  (Vnlcr  nwMcr  rclcr- 


a  1.2  year  Chaikllor  pcriin]  \jrijtiim  caused  hy  ihc  canh's 
elasiicily  aa"  pitssihlc  causes  i>f  ihc  smuvudal  paiiem  The 
linear  drill  is  proh.ihly  the  result  ot  actual  motion  ol  the 
cuKr  due  to  thermally,  geophysically,  and  if  structurallv- 
induced  stresses 

In  addition  to  the  master  cube,  the  a/imuths  ol  three 
other  cubes  and  a  lone  line  monument  »ea‘  maintained 
durine  the  four-year  period  ( IV7.S  7X)  Ifieir  averajte  esti¬ 
mated  annual  drill  rales  are  sliouii  in  Kiytute  2.'-4ti  It  is 
interestine  to  note  the  one  arcsecond  vr  a-lative  drift  be¬ 


tween  cubes  I  and  2.  This  may  be  accounted  for  by  dif¬ 
ferential  stress  on  opposite  sides  of  the  isolation  mouniine 
block.  The  hlivk  is  24  m  lonj;.  Thus  a  chanjic  of  (I  (12.''  mm 
per  year  on  one  side  is  enough  to  produce  the  resulting 
apparent  a/imuih  change. 

Figure  2.4-47  shows  the  annual  periiKlic  motions  lor  Ihe 
AfiMC  facility  as  a  whole,  as  well  as  for  Ihe  four  cube' 
shown  in  the  precious  diagram  Possible  causes  of  the  es¬ 
timated  facility  motion  of  0.7  arc  s/yr  include  annual  vari¬ 
ations  in  precipitation  and  runoff  patterns,  seasonal  varia¬ 
tions  in  solar  healing  between  opposite  sides  of  the  building, 
and  free/ing  and  thawing  of  the  ground.  Temperature  gra¬ 
dients  across  the  wulih  of  the  support  blivks  can  also  ac- 
ctHjnl  for  the  periodic  motions  of  the  cubes,  especially  cubes 
2  and  .4,'  .A  temperature  change  of  0  lb  degree  is  eiHiugh  ui 
generate  these  types  of  motions 

A  similar  menial  a/imuih  measuring  device  was  used 
by  Dieselman.  el  al  |  ld70|  to  tiHinitor  a  rvlervnce  cube  at 
an  inenial  coiiiponciit  lest  laciliiy  similar  to  ,\(iM('.  Till 
and  temperaliire  dat.>  were  collected  and  are  plotted  with 
the  a/imuth  estimates  in  Figure  2.4-4H  llie  reference  cube 
shviws  long  period  annual  '.  ariaiions  similar  to  the  ones  for 
AOMC.  Note  that  the  long  period  a/imtilh  variations  are 
very  wel|  correlated  w  ith  the  long  period  lilt  ami  temperature 
data  This  data  suggests  that  the  rotation  shown  are  most 
likely  aiiribuiabie  to  Ihennal  and  insolation  ellecis  on  the 
local  topography  as  well  as  Ihe  building  iSeclion  24  4(. 
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23.5.6  Concluskms 

In  Nunmurs ,  j-  nKulcni'  '>  Moms  hcciHiK  increaMfijrlv 
sophtNlKalcd.  the  tf  «( the  anihicnl  nH>.i.H»cn\  imnment 
(Ml  iIh'II  |ir>l<Hiiui)i.c  ale  al'ai  vliaiiialKall>  iiKrcaMn|i  The 
ahilil\  ti'  .Ki  Lijleh  nK-a'urc  anJ  nwnpcnvatc  liif  iHcm:  cn- 
MnmnK-nlal  l^  nimplieated  h>  the  I'iKi  that  the 

\n\  mi>tii*n>  txmj;  iiH'asurcJ  lend  !>•  degrade  the  perfiirm- 
aiKC  ft  the  inea'UreiiK-nt  timl  Thuv,  what  wbn  iHKC  thiiu^hl 


U»  he  a  simple  staiit  pnihleir!  of  classical  geodesy  is  now  a 
dynamK.'  concern  ol  nvidem  gei  fihysics. 

.  Looking  low  I/d  t'j*  fulua*.  one  can  only  predict  that  the 
increasing  demand  lor  heller  measurement  accuracy  re- 
«|uiicd  to  suppiHl  new  systems  will  continue  (o  amplify  the 
impact  of  the  dynamic  environment  in  which  we  operate 
CimtinueJ  research  in  rotational  gesiphysK's  is  rctfuired  to 
ensure  pants  of  ths'  measurement  technoli  gy  with  the  op 
erational  requirements 
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Chapter  24 

GEODESY  AND  GRAVITY 

C.  Jekcli 


Geodesy  is  a  science  as  old  as  man's  curiosity  about  the 
earth — its  shape,  position,  and  relation  to  the  stars  and  planets; 
yet  it  has  remained  a  new  and  timely  science  by  successfully 
adapting  to  rapidly  changing  requirements  and  novel  tech¬ 
niques  to  answer  these  requirements.  Simply  defined,  geo¬ 
desy  is  the  branch  of  applied  mathematics  that  determines, 
by  observation  and  measurement,  the  si/e  and  shape  of  the 
earth  and  the  precise  positions  of  points  on  tlie  earth's  sur¬ 
face  (geometric  geodesy)  as  well  as  the  direction  and  mag¬ 
nitude  of  the  earth's  external  gravity  field  (physical  geo¬ 
desy).  The  continuing  imprxrvements  in  iibservational  accuracy 
lend  increasing  importance  to  the  dependence  of  each  of 
these  quantities  on  time,  and  the  definition  of  geodesy  now 
includes  the  detemtination  of  the  temporal  variations  in  po- 
sitkms  and  the  gravity  field  |Mathcr.  197.1 1.  More  and  more. 
gcHKiesy  is  called  upon  to  provide  ancillary  methrxis  and 
data  in  the  study  of  glv>bjl.  regirMial,  and  kval  gerxiynamics. 
as  well  as  other  getiphssical  phensrmena.  Gersdetic  meas¬ 
urements  and  obscrsations  contribute  to  the  understanding 
of  testonic  rTK>rions.  earthquakes,  the  dynamic  evolution  of 
the  ocean  tUntr,  and  the  earth's  internal  structure,  as  well 
as  its  m<Kion  in  space.  To  achieve  its  goals,  geodesy,  in 
turn,  relics  on  the  continuing  elTorts  in  a  wide  spectrum  of 
terrestrial  physics  of  which  it  thus  forms  an  integral  part 
The  following  sections  provide  the  nonspccialist  with  a 
cursors  survey  of  nuxlem  geodesy,  emphasi/ing  definitions, 
results,  achievable  accunicies.  and  existing  data,  but  als«> 
irK'liKting  a  superficial  diviission  of  methodology,  wiK’n 
appropriate.  The  intnxluction  of  artiticial  satellites,  nnidem 
conipj!c.'’s.  and  other  technological  engineering  ad\.;iKes 
have  broadened  the  held  of  gcixleiic  applications  to  the 
extent  that  it  is  virtually  impirssibie  to  mention  all  aspects 
In  a  summary  such  as  this.  The  geodetically  coniKctcd  fields 
of  I  plane  I  surveying,  cartography,  arui  photogramriKtry  are 
omitted  entirely  since  they  have  attained  prominence  in  their 
own  right,  particularly  with  their  incorporation  of  new  and 
unique  inst.nimeniation  and  computer  capabilities.  The  text- 
brxiks  of  Mueller  and  Ramsayer  j  1979).  the  Manual  of  Pho- 
togrammetry  ll9S()j.  and  the  annual  pnxeedings  of  the 
American  Congress  on  Survey  ing  and  Mapping  and  of  the 
American  SiKiety  of  Photogramnietry  are  excellent  sources 
of  detailed  information  for  the  interested  reader  A  descrip¬ 
tion  of  the  diverse  instrumentation,  vital  to  geodesy,  must 
also  be  relegated  to  other  sources.  Brief  accounts  of  prin¬ 


ciples  and  accuracy  can  be  found  in  textbixiks  such  as  Bom- 
ford  1197l|.  Torge  |I9X()|.  and  Mueller  |l%9|.  Other  text¬ 
books  expounding  the  theory  of  geodesy,  in  addition  to 
these,  are  by  Moritz  1 1980).  Groten  1 1979).  Heiskanen  and 
Moritz  |l%7|.  Kaula  |I966|.  and  Vanicek  and  Krakiwsky 
11982). 

24.1  GEOMETRIC  GEODF^SY 

The  two  reference  surf  aces  in  geometric  geodesy  are  the 
geoid.  to  which  all  height  observations  arc  referred  (vertical 
control),  and  the  reference  ellipsoid,  where  htrri/onlal  geo¬ 
detic  positions  are  determined  (horizontal  contnil).  The  geokl 
is  the  equipikential  surface  in  the  earth's  gravity  field  that 
coincides  most  closely  with  the  undisturbed  mean  sea  level 
c.xtended  continuously  under  the  continents.  The  direction 
of  gravity  is  perpendicular  to  the  geoid  at  every  point.  On 
the  earth's  surface,  this  direction  is  defined  IHelmert.  1884] 
by  two  angles,  the  astronomical  cmirdinates:  The  ustrotHim- 
ical  latitude  is  the  angle  4>.  -  90°  x-:  «|>  s  90".  that  the 
gravity  vector  forms  with  the  equatorial  plane:  and  the  as¬ 
tronomical  longitude  is  the  angle  A.  0"  ss  ,\  x.  .Vi0°  and 
positive  eastwards,  that  the  plane  defined  by  (his  veeUw  and 
the  celestial  pole  forms  w:th  the  Greenwich  meridional  plane. 
Astnmomic  ciHudinates  arc  obtaim'd  directly  from  star  ob- 
servatums  using,  for  example,  a  thetnlolite.  its  vertical  axis 
being  aligned  with  Ihv  hval  gravity  vector 

The  reference  ellipsoid  is  a  simple  mathema'ical  figure 
that  closely  approximates  the  geoid.  historicaliy  on  a  re-, 
gional  basis,  but  on  a  global  basis  for  nKidem  requirenK'nts. 
It  is  a  surface  of  revolution  formed  by  rotating  an  ellipse 
about  its  minor  (vertical)  axis  resulting  in  an  oblate  (tlatlened 
at  the  poles)  ellipsoid.  Geodetic  ellipsoids  are  defined  by 
the  parameters  a  ~  equatorial  radius  (semimajor  axis)  and 
f  -  (a  -  h)'a  =  (polar)  flattening,  where  b  is  the  ellip¬ 
soid's  semiminor  axis.  The  minor  axis  is  supposed  to  be 
parallel  to  the  rotational  axis  of  the  earth  Points  on  the 
ellipsoid  arc  specified  by  geinletic  cinirdinates  ~  the  geiHlciic 
latitude  is  the  angle  rf).  90"  <})  q()“,  (hat  the  normal 

to  the  ellipsoid  at  the  point  in  question  forms  w  ith  the  equa¬ 
tor:  and  the  geo<.letic  longitude  is  the  angle  \.  (f  •;  \  r, 
and  positive  eastwards,  that  the  ellipsoidal  meridional  plane 
foitns  with  the  plane  through  the  Greenwich  meridian.  The 
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I  antilos  lb.  X  thcrel'ori;  also  liclinc  the  direction  of  the 
psoidal  normal. 

Because  of  the  irregular  distribution  of  the  earth's  in- 
lal  masses,  the  geoid  is  an  irregular  surface  «hi'  h  cannot 
described  b\  a  simple  geometric  ligure.  It  is  determined 
h  respect  to  a  particular  ellipsoid  in  terms  of  the  geoid 
ght.  or  geoid  undulation,  which  is  the  separation  between 
two  surfaces  at  any  point  (Figure  24-1 ).  Aoo'her  geoid- 
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ipsiiid  relationship  is  the  asirogeodctic  detiection  of  the 
lical  I'his  IS  the  angle  between  the  liKal  vertical  and  the 
nnal  to  the  ellipsoid  through  the  point  on  the  earth's 
dace  IHelioert.  ISX41,  i  Figure  24- 1 1  The  dellection  of 
•  vertical  i'  resolved  into  west-east  and  south-north  com- 
nents  which  then  provide  the  lunctional  relationship  he- 
een  geisletiv  and  asirontimic  coonliiiatcs 

1. 1. 1  Hori/ontai  Control 

Cieisletic  surveying  geriei.iltv  talN  into  ,  ne  ol  three  cat- 
ones  ih  l! i.ingulation  nelworK.  wherebv  [voini'  on  (lie 
Ih's  surt.isc  .ire  ciHinecIvd  tn  a  ivlwork  ol  tnangles  whose' 
gle's  are  measured  iiisiuimenl.ilfv  atul  whose  sieles  are 
mpuled  with  the  aid  ol  one  or  more  pree  sely  me.i'Ured 
selines.  i2i  iril. iteration  nelwt.rks,  in  which  Ihe  obser- 
lions  consist  prim.iriK  ol  dist.ince  measinei  icnis  of  the 
angle  suic'.  aiul  i  o  ihe  If.iver-c,  a  successior  of  vlisiance 
d  directum  nK'.isii  vments  conaeciing  a  si-quence  of  points 

Ihe  high-preci'ion  tr.ivei'e  in  (he  f  S  ,  that  i'.  ihe 
ansconiiiienl.ii  li  oerse  i  fCli.  is  .lecur.ite  to  I  part  in 
'  and  runs  m  csse-i  ii.ill-,  iinidirev tion.il  e;ist-wi‘s|  and  north 
ulh  directions  ilieure  21  2i  It  |>ro\  ules  the  principal 
imework,  -e .tie  and  orienlalion.  ol  the  National  liori/ont.il 
mtrol  Network.  .■\vlililion;:l  strength  in  the  dcterniinalion 
scale  and  orient.ilion  is  ohiained  bv  incorporal  mu  satellite 
ippler  si.iiions  (Section  24  .V  I  i  into  these  traverses  llor- 
mtal  eotilrol  within  ihe  areas  oiiilmed  bv  the  I'C'I  is  ae- 


complishcd  by  donsificution  networks  consisting  of  first-, 
second-,  and  third-order  triaiigulatibns  (Ta,ble  24- 1 ).  as  well 
as  lower  accuracy  local  traverses,  depending  on  economic 
and  other  needs  of  the  area.  Table  24-1  gives  a  general 
overview  of  the  accuracies  to  be  achieved  and  the  pui'poses. 
uses,  and  eonliguralion  constraints  for  the  several  classes 
of  horizontal  control. 

In  most  cvvunirics  the  reference  ellipsoid,  to  which  the 
horizontal  control  refers,  is  fixed  to  the  earth's  surface  at 
an  origin  point  in  the  network,  where  the  dellection  of  the 
vertical  and  geoid  undulation  are  specified  by  definition. 
All  measurements  to  subseijuenl  pvtints  in  the  network  are 
anluced  to  the  same  ellipsoid  This  entails  knowing  the 
height  above  the  geoid  (elevation).  Ihe  geoid  undulation, 
and  the  detleciion  of  the  vertical  at  each  [xiint.  The  ellipsoid 
and  its  relation  to  the  geoid  as  specified  at  the  origin  point 
define  a  datum.  The  orientation  of  the  datum  with  respect 
to  the  earth  is  determined  by  three  nviation  angles — two  of 
these  are  the  gctHletic  coordinates  of  the  origin  point,  ob¬ 
tained  from  the  observed  astronomic  eixvrdipates  and  the 
(defined)  deflection  of  the  vertical.  The  remaining  degree 
of  freedom,  namely  a  rotation  about  the  ellipsoid  normal  at 
Ihe  origin  point,  is  fixed  by  the  geodetic  azimuth  to  some 
other  point.  It  is  computed  from  its  relationship  to  the  as¬ 
tronomic  azimuth  and  the  deflection  of  Ihe  vertical  which 
incorpivrates  the  parallelism  of  the  minor  axis  of  the  ellipsoid 
and  the  rotational  axis  of  the  earth.  Because  of  meesuring 
errors  that  propagate  through  Ihe  network,  additional  astro¬ 
nomic  azimuths  il.aplacc  azimuths)  and  longitud'cs  must  be 
determined  at  selected  points  to  enforce  the  proper  orien¬ 
tation  The  position  of  Ihe  center  of  a  geinletic  ellipsoid 
with  respect  to  the  earth's  center  of  mass  is  generally  un¬ 
known.  Table  24-2  lists  the  most  important  datums  in  use 
ihroughtHii  iIk'  world  (Figure  24-. 1)  1  he  relative  orientation, 
position,  and  scale  ol  several  datums  can  h.'  obtained  it  the 
ciKirdmates  of  a.suflicicnl  nuniK'r  of  points  in  each  relative 
system  are  also  known  m  the  other  systems,  or  in  an  absolute 
igevKcntric)  system  Fable  24-1  lists  the  relationships  of 
several  regional  datums  to  j  global  datum  The  global  da¬ 
tum.  in  this  ease,  is  designated  \N  .N  I  f  and  is  the  risult  of 
a  global  solution  ol  gcomelrie  observations  to  satellites, 
n.iiiK-iy  ranging  and  e.iiiiei  j  observations  .i\.  2ky .  Az  a’ter 
to  the  displacements  of  the  datum  center  from  the  satellite 
system  eenler  with  respeel  to  a  right  hamled  Cartesian  v. 
y.  z  eiiordmale  system  iz  avis  through  the  Conventional 
International  Origin  pole.  v-aVis  on  Ihe  et|uator  Ihtough  the 
zero  iiierulian.  .Seetioiv 24  4i.  o  is  l.he  relative  scale  of  the 
two  systems;  and  <«,  t.  t)  are  Ihe  r..‘lative  rotations  at  Ihe 
origin  ivoml  ol  Ihe  datum  n  is  the  ’olalion  in  azimuth;  t. 
T)  in  latitude  and  longitude 

I  he  C.S  National  (ieixlelie  .Survey  of  the  National  Ocean 
■Survey 'National  (Keanie  and  .Vlmospherie  .Administration 
I  NO  A -X I  m  concert  with'  corresponding  organizations  of 
Canada.  Mevieo.  Ihe  republics  of  Central  .America,  and 
Denmark  arc  eurrently  completing  the  new  adiusiment  I'l 
the  North  .American  geodetic  control  network.  It  will  cn- 
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tn  !  aci’caii'arl  anJ  vliapc  and  '•calf  illaltanin'j  and  seni¬ 
or  a\!'i  V.  ill  tv  ohlauK’d  h\  erai  imalria  anil  ihnamic 
;kiv  n  i  IIiikIs,  as  nail  as  tiiMii  D^pplar  nhsarx  aliens  at 
2^11  -l.iiiei!'.  Ilia  enantatien  e|  this  daUini  Mill  be 
uni'.  i.MMroliad  b\  \  ei\  l.ei'.e  ;i.. saline  Inlerlerenietry 
Bl  ■  nb.ai  \  .iiieiis  iSaalien  24  -i  2i  nliiah  are  iillimaleli 
t"  all  isIienniiiK  tuerdinale  s\s|ani,  ilia  nan  ailjiisl- 
[  Mill  r_na!i.  in  ihe  I  S  ,  in  pn  iliens  of  mar  IblilHKl 
nils  '\i!h  ae-ura^i'.  .1  ahi«n  1  p.iri  in  H)'  IHossler. 
si;  The  ilelleeiii'iis  <>!  the  lar'ieal  reipiirail  ter  the  data 
latien  'i.  Ilia  lelerenee  ellipseid  Mere  daleriinned  at  evar\ 
iBin  the  iietv.ork.  ei>nip..lad  m  the  I  S.  troi”  .ibout  5(K)() 
"Ji'  .lelie  delleiiniii'.  in  eenjiini  iuin  'h  eras  inieli'ie 
aeiii'iis  Ml  the  lertie.i!  iSeet,,in  24  2  2i.  -  ii.'  s"'a\  iiiielric 
aelK'iis  Mere  esliinated  in  ,in  aaeuraei  <>:  ap'  rixiiii.itei) 


T'  1(1  2  Iron)  about  one  millmn  i;ravit\  anomalies  IC  R. 
SehMar/.  Id's]. 

In  an  attempt  to  eonstrtiel  a  unllis'd  relerence  system  tor 
militaix  purposes  the  \V(<rld  (ieiKletia  .System  I’ATiS)  has 
embed  pTimanb  out  ot  imptov- pienis.  through  satellite 
le;hnit]ues  |NASA,  Id77|.  in  the  estimation  ol  the  si/a  and 
shape  ot  the  earih  and  its  araMly  held  In  January  lb74  the 
eurrent  eloba!  datum  \V(iS71  was  published  by  the  l)e- 
paiiment  ot  Detense  ;ind  represents  its  most  eompri  hensive 
stiiib  ol  the  earth  amt  its  >jra\it\  held  to  d.ite.  Station  po 
siiioiis  ean  now  be  determined  to  an  aeeiiraey  ol  .S  to  It)  m 
'  I  Western  Sptiee  and  Missile  Center  IhH  i  |.  thus  establishing 
.1  tnib  wiirUlwide  geoeentrie  system,  One  ot  the  tea'iUvS 
of  \\(!S72  is  that  it  eomblned  vast  amounts  ol  dalti  ei'n- 
Mstine  ol  dillerent  data  bases  (satellite,  surlaee  gravity . 
asirogeodetie.  ele.l  into  a  homr.geneous  unilied  so'  ition  by 
a  i.'iige  least  si|uaies  adjustment. 
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Tilbic  24‘2.  The  most  impi>rtani  datums  of  the  s^orid.  Ihctr  associated  ellipsoids,  and  their  origin  points  (extracted  trom  NASA.  I973| 


Datum 

Reference 

ellipsoid 

Semimajor  axis 
|ml 

1/flattening 

Station 

Origin  point  eixirdinates 
<i)  r'"i  X  r'-'i 

Australian 

Geodetic 

Australian 

National 

6378160 

289.25 

Johnston  Geodetic 
Station 

-25  56  54.55 

133  12  .30.08  i 

Arc-Cape 
(South  Africa) 

Clarke  (1880) 

6378249. 145 

293.465 

Buffeisfuntein 

-33  59  32.{KH) 

25  30  44.622 

European  1950 

International 

(1909) 

6378388 

297. 

Helmertturm 

52  22  51.45 

13  03  58.24 

Indian 

E/erest  (1830) 

6378206.4 

300.8017 

.Kalianpur 

24  07  11.26 

77  39  17.57 

North 

American 

Datum'  1927 

Clarke  (1866) 

6378206.4 

294  978698 

Meades  Ranch 

39  13  26.686 

261  27  29.494 

Pulkova  42 

Krassovaki 

(1940) 

6378245 

298.3 

Pulkovo  Observatory 

59  46  18.55 

.30  19  42.09 

S.  American  69 

S.  American 
(1969) 

6378160 

298.25 

Chua 

-19  45  41.653 

31 1  53  55.936 

Tokyo 

Bessel  ( 1841 ) 

6377397.155 

299.152813 

Tokyo  Observatory 
(old) 

35  39  17.51 

139  44  40.50 
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Tiihlc  24-3.  Values  uf  iranslomiaiuin  paraniclcrs  Daium  lo  Satellite  WNI4  System  (satellite  datum):  parenthetieal  values  arc  standard  deviations  |exlraeted 
Irom  Mueller.  Id73| 


^\Datum 

T  ransfor^v 
mat  ion  ^ 

'  parameters 

Australian 

National 

I  stations) 

European 

1950 

(16  stations) 

,  NAD27 

(21  stations) 

S.  .American  69 

( 10  stations) 

A.X  [m| 

ll./  (.>  2i 

-99  4  (5.0) 

-41.7  (1.7) 

-96.6  (4.0) 

AY  [m[ 

-.V),|  (.3.2) 

142,0  (5.0) 

142.4  (1.6) 

-14.7  (4.4) 

AZ  [m[ 

1.41  2  (.V6) 

1160  (4.8) 

177.3  (1.5) 

-29.4  (4.1) 

ft  ( 10  '■) 

1.14(1.8.4) 

6  06(2  84) 

-0.96  (0.98) 

-6.67  (1.41) 

n  1"! 

-O  .TS  (0  .48) 

0  40  (0.65) 

-0..43  (0.18) 

-0.02(0.29) 

«  i  'l  , 

0.49  t0,64) 

-0.14  (0.98) 

-0..44  (0..45) 

-0.03  (0..45) 

M  n 

1.41  (0  .'12) 

0.26  (0,70) 

0.84  (0.21) 

-0.66  (0.43) 

Values  used  to  define  the  WOS72  ellipsoid  and  its  as- 
siKiated  parameters  include  '.he  semimajor  axis  la),  the  prod¬ 
uct  ol  the  gravitational  constant  (G)  and  ihe  earth's  mass 
(Ml.  the  earth's  angular  veliK-ity  (to),  and  the  second  degree 
zonal  hamionic  coerticient  of  the  geopotential  (C^ ,,)  (Sec¬ 
tion  24.2. 1 ). 

24.1.2  Vertical  Control 

Vertical  control  is  geneially  estahlished  by  leveling  net¬ 
works  that  are  tied  to  mean  sea  level.  The  networks  consist 
of  Itwps  of  leveling  lines,  the  misclosure  tif  the  Unsps  (the 
sum  of  the  height  differences  around  the  loop  should  be 
zero)  being  indicative  of  the  measurement  errors.  Since  the 
level  surfaces  of  the  earth's  gravity  lield  are  not  parallel, 
the  heights  above  the  geoid  depend  also  on  gravity,  and  for 
precise  work,  cannot  be  deduced  solely  from  leveling  data. 
The  height  of  the  topographic  surface  above  the  geoid  is 
known  as  the  orihometric  height  The  onhometric  correc¬ 
tion.  calculable  with  the  aid  of  gravity  measurements  and 
applied  to  leveled  heights,  accounts  for  the  nonparallelism 
of  the  level  surfases.  I  he  leveling  networks  arc  elassilied 
as  tirst-.  second-,  and  third-ordei  according. to  the  spacing, 
length,  and  method  of  the  leveling  run  Kirst-order  surveys 
are  the  most  accurate  and  est.iblish  the  primary  vertical 
control  on  a  national  basis:  see  fable  24-4  for  a  brief  sum¬ 
mary  of  accuracy  standards  and  recommended  uses  of  the 
various  survey  classes. 

The  leveling  networks  are  tied  to  tidal  stations,  these 
providing  the  only  physical  access  to  the  geoid.  At  these 
stations,  mean  sea  level  is  ascertained  fy  averaging  sea  Icwel 
recordings  over  several  years  to  avciage  both  short  and 
long  period  tidal  lluctuations  In  the  l'..S.  and  Canada  o'-er 
|(K)0I)0  km  ('f  lirst -order  lev  cling  lines,  constrained  by  mean 
'Ca  level  determined  at  2h  tidal  stations  along  the  Pacific 
ami  -Xllaiitic  coa'ts  and  the  Gulf  of  .\1e\ici'.  were  used  to 


establish  the  National  Geodetic  Vertical  Datum  of  1929 
[NOAA.  I980|.  The  readjustment  of  the  geodetic  vertical 
control  for  North  America  is  currently  in  progress  with  an 
expected  completion  date  of  1987.  The  data  from  existing 
surveys  plus  the  planned  new  levelings  combine  to  form  a 
total  of  over  800  000  km  of  first-  and  second-order  leveling 
lines  in  the  U.S.  alone  (Figure  24-4).  The  gravity  support 
for  tile  vertical  control  is  guided  by  the  requirement  that  the 
effect  of  gravity  on  the  observed  heights  should  be  deter¬ 
mined  to  within  I  cm  [Whalen.  1980). 

A  problem  of  some  concern,  and  which  has  yet  to  be 
satisfactorily  resolved,  is  the  establishment  of  the  datum. 
With  modern  accuracy  standards,  the  presumption  that  mean 
sea  level  coincides  everywhere,  at  any  time,  with  the  geoid 
must  yield  to  the  realization  that  differences  of  up  to  60  to 
70  cm  may  exist  in  mean  sea  level  between  the  Atlantic  and 
Pacific  coasts  as  well  as  1.5  mm/yr  changes  in  the  geoid 
due  to  the  worldwide  change  in  mean  sea  level  [Castle  and 
Vanicek.  If)80|  With  the  difficulty  of  the  physical  acces¬ 
sibility  to  the  geoid  at  this  level  of  accuracy  (tens  of  cm), 
the  establishment  of  a  World  Vertical  Datum  awaits  im¬ 
provements  in  the  accuracy  and  extent  of  global  and  kx-al 
gravity  data. 

24.1.3  Inertial  Positioning 

Inertial  positioning  (or  survey )  systems  evolved  in  the 
early  to  mid  l‘)7()s  from  inertial  navigation  systems,  used 
primarily  for  military  purposes,  when  geodetic  accuracies 
were  warranted  by  the  use  of  a  stabilized  platform  to  isolate 
the  measuring  device  from  the  irregular  motions  of  the  ve¬ 
hicle  .A  system  of  gyroscopes  maintains  the  orientation  of 
the  platform  which  is  suspended  by  gimbal  suppois  A  set 
of  accelerometers  is  used  to  measure  the  accelerations  of 
the  survey  vehicle  in  the  three  mutually  orthogonal  direc¬ 
tions.  One  integration  of  these  data  y  ields  the  velixity  and 
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Tabic  24*4  Sianitards  lor  ihc  Classilicanon  iil  GcHKlciic  Vertical  Conirol  anJ  principal  uses  Icxiracicd  from  NOAA. 


Classiticution 

First-Order 

Vertical  Control 

Second-Order 

Thiro-Ordi;r 

Class  1  Class  II 

Class  1 

Class  11 

Relative  accuracy 
between  directly 

0.5  mm  ^  K  0.7  mm  ^  K 

1 .0  mm  V  K 

,  1.3  rnm  ^  K 

2.0  mm  V  K 

connected  points 
or  benchmarks 
(standard  error) 

IK  is  the  distance  in  kilometers  between  points) 

' 

Recommended 

Basic  framework  of  the 

Secondary  framework  of 

Densification  within 

Small-scale  topographic 

uses  , 

National  Network  and 

the  National  Netv'ork 

(he  National 

mapping.  Establishing  ' 

metro, Tolitan  area  control. 

and  metropolitan  area 

Network.  Rapid 

gradients  in 

Regional  crustal 

control.  UKal  crustal 

subsidence  studies. 

mountainous  areas. 

movement  studies 

movement  .studies. 

Unral  engineering 

Small  engineering 

Extensive  engineering 

Large  engineering 

projects. 

projects.  May  or  may 

projects.  Support  for 

projects.  Tidal  projects. 

Topographic 

not  be  adjusted  to  the 

subsidiary  surveys. 

Tidal  boundary 
reference.  Supprirt  for 
lower  order  surveys. 

mapping. 

National  Network. 

CHAPTER  24 


a  second  iniegralion  yields  ihe  distance  traveled.  Obviously, 
the  acceleration  due  to  gravity  must  he  taken  into  account. 
The  vehicle  (Idr  example,  truck  or  helicopter)  carrying  the 
instrument  must  conte  to  rest  every  2.  .A,  or  4  minutes  in 
order  to  impose  a  zero  veliK'ity  on  the  velocity  output,  thus 
reducing  the  growth  of  systematic  instrumental  errors.  For 
traverse  distances  of  al»ut  7.S  km.  present  instrumentation 
and  analyses  produce  about  .SO  cm  accuracy  in  horizontal 
and  40  cm  m  vertical  position.  For  horizontal  control,  this 
is  iirst-order  accuracy  (Table  24-1).  Further  improvements 
in  hardware,  as  well  as  software,  will  undoubtedly  increase 
the  potential  of  inertial  surveying  for  geitdetic  applications 
IHose  and  Huddle.  10X1 1. 

24.2  GRAVIMETRIC  GEODESY 
24.2.1  The  Normal  (iravity  Field 

Just  as  the  earth's  surface  is  not  a  perfect  sphere,  or 
even  an  ellipsoid,  the  earth's  gravity  held  is  not  the  held 
generated  by  a  homogeneous  ball.  Because  »>f  the  twerall 
cllipticity  in  the  earth's  shape,  as  well  as  the  centrifagal 
force  produced  by  its  rotation,  the  values  of  gravity  increase 
as  one  travels  from  the  equator  ti'  either  pole.  This  general 
trend  is  convenientiv  described  by  a  so-called  normal  gravity 
field  which  then  serves  as  the  reference  against  which  the 
actual  gravity  held  is  measured.  The  nomial  held  is  defined, 
in  pan.  by  requiring  one  of  its  equipotential  (or  level)  sur¬ 
faces  to  be  an  ellipsoid  oriented  in  an  eanh-lixed  ciHirdinatg 
system,  Stokes  proved  that  four  quantities — the  surface  po¬ 
tential.  the  size  of  the  ellipsoid,  its  shape,  and  the  rotational 
speed  (<t))  -  suftice  to  uniquely  dehne  the  (exterior)  normal 
gravity  held.  The  size  and  shape  of  the  ellipsoid  are  spec- 
ilied.  forciample,  by  its  semimajor  axis  (a)  and  its  flattening 
(ft.  The  definition  of  the  field  retains  its  uniqueness  if  the 
value  of  the  (constant)  surface  potential  is  replaced  by  the 
value  of  the  earth's  total  mass  (the  combination  (iM  is  more 
accuiately  determined  than  the  mass  M  alone,  where  G  is 
the  gravitational  consi.int.  G  =  6.67  x  10  "  cm'  g  '  s  ■). 
or  by  the  value  of  equatorial  gravity  ,  Similarly,  f  can 
be  replaced  by  f  . the  second-degree  zonal  harmonic  coef¬ 
ficient  in  the  spherical  haniionic  expansion  of  the  earth's 
gravity  potential.  Once  these  parameters  are  specified,  the 
"normal  gravity"  on  the  ellipsoid  can  be  calculated  as  ac¬ 
curately  as  desired. 

The  concerted  effort  to  esiablish  a  reference  ellipsoid 
and  associated  normal  held  that  would  fiiui  international 
acceptance  and  application  did  not  materialize  until  well 
into  this  century  culminating  in  the  adoption  by  the  Inter¬ 
national  I'nion  of  Geodesy  and  Geophysics  |U'()G|  in  Id4() 
of  (he  following  p.iramcter  values: 

a  =  6.0S  'KS  m 

f  -  l;'2‘)7 


=  q.  7X0490  ms  ’ 
to  =  7.29211.'  X  10  '  s  ' 

The  inevitable  impro'  ements  in  observation  techniques  and 
instrumentation  (particularly  with  the  advent  of  satellite 
methods)  prompted  a  redelinition  of  the  reference  system 
in  1967.  and  again  in  19X0.  when  Ihe  lUGG  agreed  on  the 
following  IChoviiz.  19X1): 

a  =  6.^7X1.I7  m  (  ±  2  I’.O 

C:,„  =  ().(X)I0X26.^  (  ±  I  X  10  ’■) 

GVl  =  .4.9X6(K).S  X  10'^  m' s  '  :'±4  x  10’ m' s  -’) 

tu  =  7.29,'’l!.‘>  X  If)  ^  s  '  (±2  X  If)  s  ') 

Parenthetical  values  arc  standard  deviations.  This  constitutes 
the  Geode  tic  Reference  System  19X0.  GM  includes  the  mass 
of  the  atmosphere  and  C;.,,  excludes  the  permanent  tidal 
deformation.  The  gravity  formula  based  on  these  parameters 
is  given  by 

y  =  9  7X0.^27(1  -I  ().(X).‘>.40224  sin’ cj) 

-  0.(XKX)58  sin-'  2<b)ms 

where  <t)  is.  the  geixlctic  latitude:  it  yields  normal  gravity 
accurate  to  six  digits.  The  method  of  computing  the  ewf- 
ficienis  of  this  formula  can  be  found  in  International  As¬ 
sociation  of  Geodesy  (lAG)..  1 1971 1. 

24.2.2  Disturbing  Gravity  Field 

The  normal  gravity,  as  given  by  the  formula  above, 
approximates  Ihe  true  gravity  of  the  earth  to  about  .S  parts 
in  |()'.  This  is  hardly  adequate  for  geodetic  and  nuxlem 
geophysical  and  navigational  needs,  for  which  the  variations 
in  the  gravity  field  at  the  10  *  to  10  ''  ms  (1  part  in  10' 
to  10')  level  have  a  signilicant  inlluence.  In  this  respect. 
Ihe  direction  of  the  gravity  vector  is  as  important  as  its 
magnitude. 

For  calculaiional  convenience,  the  true  gravity  field  is 
referenced  to  the  normal  field.  Ihe  difference  being  the  "dis¬ 
turbing"  or  "anomalous"  field  rhus,  the  disturbing  potential 
is  the  difference  between  the  actual  potential  and  the  normal 
potential  and  the  gravity  disturbance  is  the  difference  be¬ 
tween  magnitudes  of  the  true  gravity  and  the  normal  gravity  . 
The  gravimetric  (or  absolute)  deflection  of  the  vertical  is 
the  angle  between  the  true  gravity  vector  and  the  normal 
gravity  vector;  it  differs  from  the  asirogeodetic  ilelleciion 
in  that  the  pcipeiulicular  to  the  geodetic  ellipsoid  generally 
does  not  coincide  with  the  diieclioh  of  normal  gravilv,  es¬ 
pecially  if  the  datum  to  which  the  asirogeodetic  deflection 
refers  is  not  geoccniric.  The  geoid  (the  equipotenlial  surface 
of  the  frue  gravity  field  that  closely  approximates  mean  sea 
level)  is  separated  from  the  ellipsoid  by  the  geoid  undula- 
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tion.  or  geoid  height.  And  linally.  the  gravity  anomaly  is 
the  difference  between  the  earth's  gravity  magnitude  on  the 
geoid  and  the  nornial  gravity  magnitude  on  the  ellipsoid, 
the  two  points  being  connected  by  the  perpendicular  to  the 
eliipstiid.  This  definition  assumes  the  absence  of  masses 
ex'emal  to  the  geoid.  In  practice,  the  computation  of  geoidal 
gravity  anomalies  requires  (through  various  techniques)  a 
reduction  of  surface  measurements  to  the  geoid.  thus  ac¬ 
counting  for  the  intervening  masses.  The  gravity  anomaly 
differs  from  the  gravity  disturbance  in  that  the  normal  grav¬ 
ity  is  computed  on  the  ellipsoid  instead  of  the  getiid.  the 
latter  computation  being  impossible  if  the  undulation  is  not 
known.  ' 

Assuming  that  the  geoid  and  reference  ellipsoid  enclose 
the  same  total  mass  and'  have  identical  centers  of  mass  and 
surface  piitentials.  the  geoid  undulation  is  directly  proptw- 
tional  to  the  disturbing  potential,  according  to  Bruns’s  for¬ 
mula  IMeiskanen  and  Moritz.  19671.  Its  global  average  is 
then  zero  and  the  'global  rwrt  mean  square  (rms)  value  is 
approximately  .V)  m.  The  sources  for  the  geoidal  variations 
are  primarily  density  inhomogeneities  below  the  earth's  emst. 
Table  24-,'i  summarizes  the  relative  distribution  of  the  sources 
for  the  variations  in  the  geoid, (also  in  gravity  and  its  gra¬ 
dient)  according  to  an  earth  model  comprising  various  den¬ 
sity  layers  at  prescribed  depths.  Therefore,  the  major  fea¬ 
tures  of  the  geoid  have  a  long-wavelength  structure,  and  i's 
large-scale  variations  are  generally  not  correlated  with  the 
earth’s  top<»graphy  (Figure  24-5).  On  the  other  hand,  the 
short  wavelength  consiituents  of  the  disturbing  potential 
(hence  the  geoid)  exhibit  a  definite  correlation  with  topog¬ 
raphy  ( Figure  24-6).  In  addition  to  its  importance  in  gerxietic 
positioning,  the  geoid  undulation  plays  an  essential  role  in 
(Keanographic  studies  where  a  knowledge  of  deviations  of 
the  actual  sea  surface  from  the  geoid  contributes  to  the 
understanding  of  ocean  surface  circulation  and  (Kean  tides. 
The  so-called  sea  surface  topography  has  magnitudes  of  at 
most  I  to  2  m.  and  an  undulation  accuracy  of  about  10  cm 
at  1(X)  km  (or  lower)  resolution  is  required  to  definitely 
discern  these  features  |NRC.  1979|.  The  satellite-borne  al¬ 


timeter  is  the  complementary  facet  to  the  problem  of  de¬ 
termining  the  sea  surface  topography.  It  provides  the  (Kean 
surface  height  above  ihc  reference  ellipsoid  (Section  24. .7.4). 
From  the  satellites  GFOS-.^  and  SHASAT-1  a  new  wealth 
of  geoidal  data  was  obtained  over  most  of  the  earth's  (Kean 
surface  yielding  an  (Keanic  geoid  at  or  below  the  I  m  ac¬ 
curacy  level  (corrections  for  the  sea  surface  topography  were 
either  naxleled  or  calculated  using  global  tidal  models,  or 
they  were  neglected). 

The  gravity  anomaly,  being  essentially  the  derivative  of 
the  disturbing  potential,  is  a  more  l(Kal  phenomenon  than 
the  geoid  undulation.  Gravity  anomalies  are  generated  pri¬ 
marily  by  shallow  density  variations,  that  is.  in  the  earth's 
crust.  Considered  over  the  entire  earth,  they  have  an  rms 
value  of  aUrut  40  to  45  m.cal  ( I  mgal  =  10  '  gal  =  10  ' 
ms  ’).  Classical  formulas  exist  that  relate  global  sets  of 
gravity  anomaly  data  to  both  the  geoid  undulation  and  the 
(gravinictric)  deflection  of  the  vertical  (Stokes  and  Vening- 
Meinesz.  formulas).  In  the  last  decade  new,  alternative  es¬ 
timation  techniques  (least  squares  coIkKation)  have  been 
fully  developed  to  provide  speed,  efficiency,  and  versatility 
to  the  problem  of  determining  undujations  and  deflections 
from  gravimetry  Aside  frons  purely  geodetic  interests,  grav¬ 
ity  anomaly  data  have  found  wide  application  in  geological 
studies  ranging  fr  jm  the  determination  of  geologic  strata 
configurations,  including  isostatic  compensation  mtxlels.  to 
the  investigations  of  tectonic  motions  and  mantle  convective 
puKesses.  The  increase  in  the  quality  and  quantity  gravity 
measurements  at  sea  provides  an  improved  understanding 
of  the  origin,  properties,  and  continuing  evolution  of  the 
(Keanic  lithosphere.  The  accuracy  currently  required  for 
these  applications  is,  generally  less  than  10  mgal  with  a 
resolution  of  about  UX)km|NRC.  1979),  A  dctailed  global 
map  of  gravity  data  has  been  constructed  by  the  Defense 
Mapping  Agency.  Aerospace  Center  |DMAAC.  197.7)  which 
has  compiled  a  1°  x  |°  mean  anomaly  field  from  various 
sources,  comprising  a  fotal  of  27  441  (as  of  1977)  values 
and  their  estimated  accuracies.  However,  gravity  anomalies 
in  unsurveyed  areas,  particularly  in  the  stmthern  hemi- 
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sphere,  in  inaccessible  areas  of  the  major  c-»ntinents,  and 
in  the  polar  regions,  have  a  relatively  large  uncertainty  since 
in  these  areas  they  are  derived  through  special  estimation 
techniques  including  the  assumed  correlation  of  giavity  with 
geologic  formations.  The  accuracies  in  the  entire  set  range 
from  a  few  mgal  to  tens  of  mgal. 

The  principal  geodetic  application  of  the  gravimetric 
deflection  of  the  vertical  is  in  the  reduction  of  horizontal 
control  data  (specifically  directions)  to  the  gewentric  ref¬ 
erence  ellipsoid  (absolute  datum;  Section  24.1.1).  The  de¬ 
flection  can  be  computed  from  gravimetric  data  to  an  ac¬ 
curacy  of  about  I  ■'  to  y.  or  better,  depending  on  the  density, 
accuracy,  and  extent  of  available  data,  the  estimation  tech¬ 
nique.  and  the  terrain  [l.achapelle.  1978;  Tscheming  and 
Forsberg.  19781.  Since  the  vertical  deflection  defines  the 
direction  of  the  true  gravity  vector  w  ith  respect  to  the  normal 
gravitv  vector,  due  consideration  of  the  deflection  is  required 


in  any  precise  inertial  navigation  as  well  as  positioning 
system  where  the  platform  is  aligned  with  respect  to  the 
local  vertical.  Conversely!  differences  in  the  deflection  of 
the  vertical  can  be  determined  accurately  (anticipated  ac¬ 
curacy  <  ±1")  using  inertial  positioning  data  [Schwarz. 
K.-P..  1978]. 

For  global  descriptions  of  the  earth's  potential  field,  it 
is  convenient  to  use  an  infinite  seties  of  spherical  harmonic 
functions  in  which  the  coefficient.-:,  regarded  as  parameters 
of  the  field,  have  been  determined  by  observing  the  per¬ 
turbations  of  satellites  in  their  orbits.  For  example,  one  such 
solution  is  the  Goddard  Earth  Mixicl  9  (GEM  9).  complete 
to  degree  and  order  20  (Lerch  et  al..  I979|.  Additional 
terrestrial  data  were  used,  including  altimetry,  to  develop 
GEM  I  OB.  yielding  coefficients  complete  to  degree  and 
order  .^6.  With  the  near  global  and  very  dense  coverage  of 
altimetry  data,  solutions  to  degree  and  order  180  and  higher 


1; 
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have  been  developed  |Rapp.  1979|.  Not  including  inaccur¬ 
acies  in  the  determined  coefficients,  a  rough  estimate  of  the 
eiTor  in  the  corresponding  geoid  undulation  models:  is  given 
by  the  rule  64/n  |meters|.  where  n  is  the  highest  degree  of 
the  coefficients,  and  represents  the  neglect  of  higher-Jegree 
information  (omission  error).  For  e\ample.  the  GKM  9  geoid 
undulations,  apart  from  a  fonnal  standard  error  of  about 
1 .9  m  in  the  expansion  to  degree  20.  contain  an  omission 
error  of  about  .1m. 


24.2.3  Gravimetry 

Gravity  measurements  are  characterised  as  either  rela¬ 
tive  or  absolute.  Absolute  measurements  result  in  the  total 
magnitude  of  the  gravity  vector  and  involve  the  determi¬ 
nation. of  length  and  time.  For  example,  the  acceleration 
due  to  gravity  is  detennined  from  the  length  of  a  pendulum 
arm  and  its  period  of  oscillation.  With  the  best  pendulum 
instruments  and  technique,  this  method  gives  a  few  tenths 
of  a  mgal  accuracy  |Torgc.  I980|.  In  the  modem,  more 
sophisticated,  and  accurate  mcthtxis.  the  apparatus  consists 
of  a  pnxif  mass  which  moves  (falls)  in  the  gravity  field. 
The  distance  through  which  it  moves  is  measured  by  inter¬ 
ferometric  methods  (Michelson  interferometer),  while  the 
corresponding  time  is  determined  electronically  with  an  atomic 
frequency  standard.  The  accuracy  today  is  about  10,  p.gal 
(I  p.gal  =  10  '  mgal  =  10  *  ms  ’)  for  laboratory  instru¬ 
ments.  but  formal  precisions  of  I  to  .1  (igal  have  been 
reported  (Sakuma.  I976|. 

BeOause  of  the  exacting  demands  in  stability  of  the  mea¬ 
surement  environment,  absolute  determinations  are  not 
practical  or  economical  for  widespread  surveys,  although 
'ranspi>rtable  instruments  have  been  developed  by  various 
organizations  jHamrhond  and  Iliff.  I978|.  Instead,  with  a 
much  simpler  apparatus  and  less  time  one  can  measure  the 
relative  gravity,  that  is.  the  change  in  gravity  bciween  sta* 
tions.  In  principle,  only  one  absolute  site  is  necessary  to  fix 
the  "origin"  of  an  entire  network  of  relative  measurements. 
The  measurement  principle  of  the  gravimeter  can  be  stated 
as  detcmiining  the,  displacement  of  a  muss  attached  t  >  a 
spring  while  the  instrument  is  moved  from  one  station  to 
the  next.  The  best  achievable  accuracy  in  measuring  gravity- 
differences  with' today's  instruments  is  several  p.gal  (Har¬ 
rison  and  l.aCoste.  I978|  and  depends  primarily  on  correct 
calibration  models. 

In  1971  the  International  Gravity  .Standardization  Net¬ 
work  (LAG  71)  was  completed  and  adopted  by  the  lUGG. 
Is  comprises  gravity  values  at  1 8,S4  stations  around  the  world; 
at  ten  stations  absolute  measurements  were  made.  After  a 
final  adjustment  of  the  entire  netwurk.  the  standard  errors 
of  the  gra'  ity  values  were  estimated  to  be  about  0  I  mgal. 
Further  regional  densiticaiions  and  improvements  arc  in 
progress  using  tr.msportable  absolute  gravimeters. 


24.2.4  Gradiometry 

Gradiometry  involves  the  measurement  of  gradients  of 
components  of  the  gravity  vector,  that  is.  the  change  in  the 
gravity  components  with  distance.  The  principle  of  meas¬ 
urement  is  based  either  on  determining  the  difference  in 
outputs  of  two  accelerometers  separated  by  a  known  dis¬ 
tance.  or  sensing  the  ensuing  torquing  action  on  specific 
known  pnxif  mass  configurations.  Preci.se  gradiometers  have 
been  in  the  development  stage  for  many  years,  but  only 
since  1982  have  they  begun  to  prove  their  viability  in  routine 
geodetic  applications.  The  essential  technological  difficul¬ 
ties  include  cliniinating  external  vibrations  and  thermal  noise. 
Also,  because  the  gradiometer  senses  primarily  shortwa- 
velength  gravity  variations,  the  determination  of  the  total 
gravity  field  requires  supplemental  long-wavelength  infer 
mition. 

The  vertical  gradient  of  normal  gravity  is  about  0.31 
mgal/m;  however,  of  greater  interest  is  the  gradient  of  the 
gravity  anomaly.  This  is  an  extremely  UKal  phenomenon, 
and  it  is  unavailing  to  adempt  to  quantify  it  using  a  global 
rms  value.  Any  component  can  vary  from  a  few  Eiitvos 
(1  Eiitvos  =  I  E  =  ().  I  mgal/km  =  10'''  s  -)  to  several 
hundred  or  even  a  thousand  Eiitvos.  depending  on  the  terrain 
and  the  underlying  mass  anomalies. 

Some  development  and  analysis  has  been  oriented  to¬ 
ward  a  satelliic-bome  gradiometer  to  be  used  in  a  global 
gravity  mapping  mission:  however,  the  realization  of  this 
concept  lies  .some  years  in  the  future.  A  renewed  effort  is 
underway  to  develop  the  airborne  gradiometer  for  the  pur- 
fx>se  of  providing,  in  an  efficient  manner,  a  detailed  survey 
of  the  gravity  field  in  local  areas.  This  device  should  be 
operational,  attaining  an  expected  precision  of  a  few  E. 
within  the  next  years.  In  order  to  account  for  the  varying 
effects  of  gravity,  the  gradiometer  has  also  been  proposed 
as  a  means  of  improving  the  accuracy  of  inenial  navigation 
systems  [Doukakis.  1979;  Wells.  1981 1. ' 

24.3  SATELLITE  GEODESY 

The  two  basic  methods  of  tracking  artificial  eailh  sat¬ 
ellites  from  earth  stations  are  the  dynamic  method  and  the 
geometric  method.  The  purpose  of  the  dynamic  methivj  is 
to  establish  an  ephemeris  for  the  satellites;  that  is.  to  enable 
the  prediction  of  the  satellite's  position  in  its  orbit  as  a 
function  of  time.  This  entails  solving  (from  worldwide  track¬ 
ing  data,  such  as  Doppler  Ranging)  for  the  parameters  of 
the  perturbing  forces,  such  as  the  gravitational  force,  at¬ 
mospheric  drag,  lunar-solar  attraction,  and  solar  radiation 
pressure  of  which  the  orbital  elements  are  a  function. 

The  perturbing  forces  cause  secular  and  long-  and  short- 
periodic  variations  in  the  normal  (elliptical)  Keplerian  orbit 
that  woukl  be  described  by  the  satellite  if  the  earth  were  a 
point  mass  in  an  otherwise  empty  universe  Table  24-b  lists 
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Table  24-6.  Disturbing  forces  on  earth-orbiting  satellite  jBlitzer,  1970). 


Disturbing  force  per  unit  mass  |m/s'l 

- J 

Altitude 

Altitude 

Altitude 

Synchronous 

Source 

150  km 

750  km 

1500  km  ’ 

Altitude 

Central  Gravity 

9.35 

7.85 

6.42 

0.22 

Earth  Oblateness  (Jj) 

mm 

20  X  10' 

14  X  10-' 

(J,0 

0.09  X 

10-’ 

0.06  X  10^  ' 

0.04  X  10^' 

0.08  X  10-' 

(J4) 

0.07  X 

10-' 

0.04  X  10-' 

0.02  X  10  ' 

0.01  X  10^' 

Principal  Tesseral 

Harmonic  (J^) 

0.09  X 

10-' 

0.07  X  10  ’ 

0.04  X  10-' 

0.5  X  10-' 

Atmospheric  Drag 

3  X 

>0-' 

10-' 

— 

— 

Vanguard  1* 

Echo!** 

1300  X 

10-' 

500  X  10-' 

— 

— 

Lunar-Solar 

Attraction  *** 

10  X 

10-' 

10  X  10-’ 

10  X  10^' 

70  X  10' 

Solar  Radiation  Pressure 

10-' 

10-' 

10-' 

10^' 

Vanguard  1* 

, 

Echo  I**  . 

500  X 

10-' 

.  500  X  10-' 

500  X  10-' 

500  X  10-' 

•Area/Mass  =  2.12  x  lO"^  m'/kg 
•♦Area/Mass  =  10.2  m’^kg 

***This  is  not  the  direct  attraction  but  the  effective  disturbing  force. 


a  coarse,  comparative  summary  of  typical  values  of  the 
various  perturbing  effects  (central  gravity  is  the  force  per 
unit  mass  due  to  the  earth  considered  as  a  point  mas.s — it 
is  not  a  perturbing  element).  J..  J,.  J4.  and  are  coeffi¬ 
cients  of  the  expansion  into  spherical  harmonic  functions 
of  the  earth's  gravitational  potential .  Particularly  noteworthy 
is  the  importance  of  the  area-to-mass  ratio  of  a  satellite  with 
respect  to  atmospheric  drag  and  solar  radiation  pressure,  the 
latter  predominating  with  increasing  altitude.  The  overall 
design  of  a  satellite  orbit  is  therefore  contingent  on  the 
purpose  of  the  satellite  mission.  High  orbits  of  small,  but 
massive,  satellites  (such  as  LAGKOS)  are  designed  for  sta¬ 
tion  positioning  or  for  the  determination  of  polar  motion 
and  variation  of  earth  rotation,  while  low  orbits  are  required 
to  detect  variations  in  the  earth's  gravitational  field  or  to 
study  other  specific  perturbing  effects  such  as  atmospheric 
drag. 

With  the  geometric  methexi.  the  tracking  data  are  ob¬ 
tained  simultaneously  from  several  stations  and  used  to  de¬ 
termine  relative  station  positions  (satellite  triangulation): 
accurate  knowledge  of  the  satellite's  orbit  is  not  required. 
Various  intermediate  methods  e.xist;  for  example,  the  short 
arc  methixl.  where  observations  are  generally  limited  in 
duration  (approximately  1/4  orbit),  and  either  a  fixed  (non- 
f)erturbed)  or  computed  orbit  is  used.  For  this  method,  the 
relative  station  positions  become  a  part  of  the  set  of  un¬ 
knowns  to  be  determined.  In  point  positioning,  observations 


■  from  a  single  .station  determine  its  position  in  a  coordinate 
sy.stem  defined  by  the  satellite  ephemeris. 


24.3.1  Doppler  Positioning 

Of  the  several  new  techniques  of  observing  satellites, 
the  Doppler  method  has  been  the  most  successful  in  achiev¬ 
ing  worldwide  and  routine  application.  By  measuring  the 
change  in  frequency  (corrcsptinding  to  the  Doppler  shift)  of 
a  signal  transmitted  from  a  satellite  with  respect  to  a  ref¬ 
erence  frequency  on  the  ground,  one  can  deduce  the  range 
and  range  rate  to  the  satellite.  Usually  two  signals  at  dif¬ 
ferent  frequencies  arc  transmitted  simultaneously  to  essen¬ 
tially  eliminate  the  frequency  dependent  effect  of  the  ion¬ 
osphere  tm  the  propagation  of  the  signal.  Most  satellites 
now  transmit  in  the  hundreds  of  MH/.  but  to  lurther  reduce 
the  ionospheric  effect  this  is  increased  (for  example,  for 
NAVSTAR)  into  the  GH/  range. 

A  system  of  six  satellites,  the  Navy  Navigation  Satellite 
System  (NNSS)  in  operation  since  1971.  has  provided  a 
glo'nal  positioning  capability  within  two  hours  of  observa¬ 
tion.  These  satellites  transmit  a  "broadcast  ephemeris."  which 
provides  t'ne  observer  with  the  satellite's  position  as  a  func¬ 
tion  of  time.  This  informati('n  is  updated  and  loaded  into 
the  satellite's  memory  once  or  twice  a  day  and  is  used  for 
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real-time  positioning.  A  “precise  ephemeris"  is  available  for 
more  accurate  (but  delayed  in  time)  position  fixes.  The  three- 
dimensional  spatial  position  and  the  time  synchronization 
offset  are  obtained  by  the  simultaneous  observation  of  four 
satellites  with  a  corresponding  oositional  accuracy  of  about 
25  m,  sufficient  for  some,  but  certainly  not  all,  navigational 
requirements.  With  longer  peritxls  of  observation  (six  to 
eight  days),  combining  data  fmm  many  passes,  and  using 
the  precise  ephemeris,  accuracies  below  th  I  m  level  can 
be  obtained  [Brown,  !‘,‘79|.  Even  greater  accuracy  comes 
from  the  use  of  the  short  arc  method  to  deduce  relative 
positions  (baseline  accuracy  of  20  to  30  cm).  The  NNSS  is 
to  be  superseded  by  the  NAVSTAR/GPS  (Global  Position¬ 
ing  System)  in  the  late  1980s.  This  system  will  consist  of 
18  satellites,  6  each  in  3  orbital  planes,  providing  a  four- 
.satcllite  configuration  observable  anywhere  on  the  earth  at 
almost  all  times.  The  accuracy  for  p<rint  positioning  using 
one  hour’s  observations  and  the  broadcast  ephemeris  is  an 
estimated  10  m  [Fell,  I980|,  while  observations  spanning 
five  days  encompassing  many  passes  in  conjunction  with 
the  precise  ephemeris  yield  getxletically  useful  accuracies 
of  about  50  crii.  The  main  source  of  error  is  the  uncertainty 
in  the  ■■•ttellite's  position  owing,  in  part,  to  an  inadequate 
kno.fieoge  of  the  earth's  external  gravitational  field.  Base¬ 
line  determinations  of  300  km  or  less  in  length,  for  which 
inaccuracies  in  t’ne  determination  of  the  satellite’s  orbit  are 
less  detrimental,  are  anticipated  to  be  accurate  to  less  than 
It)  to  20  cm.  approaching  the  I  cm  level  with  improved 
troptispheric  error  modeling  j.Anderle.  19801. 

The  Doppler  principle  also  has  applications  in  space, 
providing  the  means  for  one  satellite  to  track  another  either 
in  a  high-low  configuration  (the  high  jgeosynchronousj  sat¬ 
ellite  tracks  the  low  satellite)  or  a  low-low  configuration 
where  one  satellite  follows  the  other  in  the  same  orbit.  The 
analysis  of  satellitcMo-satellite  tracking  has  thus  far  been 
oriented  toward  determinations  of  the  gravity  field.  The 
basic  measurement  is  the  relative  velwity  between  the  two 
satellites  which  is  indicative  of  the  difference  in  gravitational 
potentials  [Rapp  and  Hajela.  19791. 


24.3.2  Satellite  Interferometry 

Radio  interferometry  usmg  satellite  signals  is  one  of  the 
newest  techniques  to  make  geodetic  linear  measurements. 
The  length  of  ba.scline  vectors  between  pairs  of  survey  marks 
ranges  from  0.1  to  200  km  (short-baseline  interferometry) 
and  is  determined  by  radio-interferometric  observations  of 
the  signals  broadcast  by  satellites  of  the  GP.S.  The  signals 
are  much  stronger  than  the  quasar  sources  used  in  VI, Bl 
(Section  24.4.2).  Errors  can  be  reduced  to  the  I  cm  level, 
or  less,  by  properly  accounting  foi  the  tropospheric  effects 
[Rogers  et  al..  1978;  Counselman  and  Shapiro.  1979; 
MacDoran.  1979;  .‘knderle.  1981 1. 


24.3.3  Laser  Ranging 

Just  emerging  from  the  exploratory  and  experimental 
stage,  satellite  laser  ranging  promises  to  become  a  valuable 
asset  for  geixletic  applications.  Basically,  the  ranges  are 
deduced  from  the  measured  trav'"l  time  of  laser  pulses.  The 
overriding  advantage  of  the  laser  is  its  tremendous  accuracy, 
achieved  by  utilizing  shortpulsed  (~  I  ns)  lasers  to  enhance 
the  definability  of  the  returning  pulse.  Also,  the  satellite 
need  only  be  equipped  with  rctroreflectors,  while  for  Dop¬ 
pler  ranging,  an  on-board  power  supply  is  required.  In  con¬ 
trast  to  Doppler  ranging,  however,  laser  ranging  is  weather- 
dependent.  Ranging  data  to  the  satellite  LAGEOS  have  been 
used  to  determine  baseline  lengths:  for  example.  Kolen- 
kiewicz  and  Ryan  [  1981 1  (using  observations  from  a  three 
month  periixl)  rcpr)rt  a  6  cm  agreement  with  the  VLBI 
determined  length  of  a  39.30  km  baseline  connecting  West- 
ford.  Mass,  and  Owens  ValE  ’.  Calif.  The  analysis  of  LA¬ 
GEOS  data  has  also  yielded  determinations  of  polar  motion 
and  length-of-day  variations  with  respective  formal  accur¬ 
acies  of  about  0701  and  0.3  ms  [Tapley.  1982[.  As  with  all 
transmissions  through  the  atmosphere,  the  random  effects 
of  the  tropt)sphere  and  ionosphere  limit  the  achievable  ac¬ 
curacy.  Improvements  in  laser  ranging  will  result  from  better 
atmospheric  density  mixlcls  and  by  upgrading  the  basic  mea¬ 
surement  (travel-time  of  pulse)  accuracy. 

24.3.4  Satellite  Altimetry 

The  satellite  borne  radar  altimeter  has  had  an  exceptional 
impact  on  the  continuing  efforts  to  improve  our  knowledge 
of  the  earth’s  gravity  field.  The  distance  of  the  satellite  above 
the  ocean  surface  is  obtained  simply  by  measuring  the  travel 
time  of  a  reflected  radar  pulse.  This  distance  and  the  given 
position  of  the  satellite  (its  orbit  must  be  either  known  or 
solved  for)  in  a  gewentric  coordinate  system  yield  directly 
the  distance  of  the  iKCan  surface  from  the  geocenter,  or 
equivalently,  from  the  reference  ellipsoid  (sea  surface  height). 
That  is.  one  obtains  an  estimate  for  ihe  geoid  undulation  if 
the  sea  surface  topography  (at  most  I  or  2  cm)  is  neglected. 
The  altimeter  measuring  accuracy  was  better  than  I  m  for 
the  GEO.S-3  satellite  and  its  odrital  position  was  obtained 
to  within  a  few  meters.  Imps'sing  the  constraint  of  equal 
altimeter  heights  at  track  crossings,  (track  crossing  adjust¬ 
ments)  and  accounting  for  atmospheric  and  sea  surface  con¬ 
ditions.  the  GEOS-3  geoid  could  be  determined  to  an  op¬ 
timal  accuracy  of  (i()  cm  to  I  m. 

The  subsequent  (short-lived)  satellite  SEA.SAT-I  carried 
an  altimeter  eniitting  a  shorter  pulse  at  a  mo.re  rapid  rate 
with  a  consequent  5  to  10  cm  sensitivity.  These  data  are 
currently  being  priK-essed  w  ith  expected  accuracies  of  about 
20  cm  or  better  on  a  regional  basis  [Marsh  et  al..  1981; 
Anderle.  I98()|.  Figure  24-7  shows  the  oceanic  geoid  rc- 
'■overed  from  I  x  |  “  mean  .SHA.SAT  geoid  heights.  See 
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Fijiurc  24*7.  Global  Scasut  I'  x  T  observed  gcoid  (contour  interval  =  5mK  reference  flattening  ==  1/298.25. 


also  Riwney  et  al.  1 1980|.  The  satellite  GEOSAT  carrying  measurement.  This  requires  prior  knowledge  of  the  geoid, 

a  similar  altimeter  is  to  be  launched  by  DoD  in  1985.  unless  only  temporal  changes  in  sea  surface  topography  are 

One  of  the  ultimate  objectives  of  satellite  altimetry  is  to  be  ascertained.  The  proposed  five-year  NASA  satellite 

the  capability  to  determine  and  monitor  ocean  circulation.  mission  for  this  project  is  TOPEX:  its  anticipated  error  bud- 

In  this  case,  the  sea  surface  topography  is  the  object  of  get  is  given  in  Tabie  24-7. 


Table ’4-7,  TOHEX  Error  Budsret  lesiracicd  from  NASA.  1981 1. 


r 

Source  of 

Error 

Cause  of 

Error 

Uncorrected 

Error 

1cm)' 

Corrected 

Error 

|cmj 

Wavelength 

ikm| 

Altimeter 

'Altimeter  noise 

1.5 

20 

Altimeter 

Ocean  waves 

4 

10 

I0(X) 

Troposphere 

Mass  of  air 

240 

0.7 

KXK) 

7  -.)pospher 

Water  vapor 

20 

1.0 

50-5(X) 

Troposp'  .tre 

Rain 

— 

— 

Ionosphere 

Free  electrons 

10 

0.5 

50-10  0(X1 

Orbital  error 

Giavity 

5  (km) 

0.7 

10  (XX) 

Orbital  error 

Drag 

5 

3.6 

10  (XH) 

Orbital  error 

Solar  radiation 

.TO 

7.0 

10  000 

Orbital  error 

Earth  radiation 

3 

1.0 

10  (XX) 

Orbital  error 

Station  liKation 

10 

3.0 

10  (XX j 

Orbital  error 

Timing 

0.2 

10  000 

Sea  level 

W'cight  of  air 

50 

3.0 

200- KXX) 

Sea  level 

Geoid 

100  (m) 

1.5 

2(X) 

The  lablc  Nummari/CN  the  crTor>  in  saicllitc  mca>urcrH*nl'i  of  iKcan  surface  topography.  This  brief  summar>‘  ussun.eN  (a)  a  dense  spherical  satellite  orbiting 
al  a  height  of  km  tracked  by  a  realistic  neiuork  of  laser  stations,  (bt  accurate  measurements  of  earth's  gravity  from  the  (iR.WSAT  mission,  (c) 
additional  data  from  a  dual-frequency  radiometer  and  dual-frequency  altimeter  on  the  spacecraft,  id)  surface  pressure  ssith  an  accuracy  of  }  millibars  from 
global  weather  ch.irts.  iei  a  spacecraft  ctivk  having  an  ac, curacy  of  IIM)  ^i.s,  (ft  an  average  wave  height  on  the  sea  surface  of  two  meters  and  a  wave 
skewness  of  less  than  I)  1.  and  <g»  no  data  e<i)lecfed  in  heavy  rain  The  corrected  error  is  the  error  m  mca-urements  made  along  a  single  satellite  pass 
crossing  the  ivean  basin.  We  expect  that  long-term  averages  of  many  passes  will  substantially  reduce  the  random  enor. 
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24.4  (;eodet»c  astronomy 

The  position  of  the  earth's  rotational  axis  varies  in  time 
with  respeet  to  inertial  space,  as  well  as  with  respect  to  the 
earth's  crust  The  variations  in  inertial  space  are  usually 
temied  nutations,  specilically.  either  forced  or  force-free 
nutations,  depending  on  whether  or  not  they  are  generated 
by  the  gravitational  attraction  of  an  extra-terrestrial  disturb¬ 
ing  body  such  as  the  sun  or  moon.  Similarly,  the  variation 
of  the  spin  axis  with  respect  to  the  earth's  crust,  called  polar 
motion,  is  either  forced  of  force-tree  motion.  The  mech".- 
nisms  for  polar  motion  are  generally  of  a  geophysical  nature, 
such  as  the  elasticity  of  the  mantle  and  ihe  liquidity  of  the 
outer  core.  The  force-free  polar  motion  of  the  instantaneous 
rotation  axis  is  also  known  as  wobble:  the  predominant 
variation  is  called  the  Chandler  wobble  and  has  a  period  of 


about  4.^.S  days.  If  the  rotational  axis  :ierves  as  the  third  axis 
in  both  an  earth-fixed  cmirdinate  system,  as  well  as  in  the 
celestial  (inertial)  system,  then  nutations  change  tne  decli¬ 
nations  of  stars  and  pttlar  motion  affects  the  latitudes  of 
terrestrial  stations.  This  permits  the  observational  separa¬ 
bility  of  i.he  two  types  of  variations  in  the  spin  axis.  Tables 
24-8  and  24-9  list  the  amplitudes,  peritnis.  and  causes  of 
the  various  motions.  With  the  increase  in  accuracy  of  as¬ 
tronomical  observations.'  the  earth  cannot  be  considered  a 
rigid  body.  One  must  account  for  the  effects  on  the  motitins 
of  the  rotational  atis  that  are  attributable  to  the  earth’s 
elasticity,  liqiiid  core,  redistributions  of  internal  mass  and 
plate  tectonics. 

The  variations  of  latitude  (polar  motion)  are  monitored 
by  the  International  Polar  Motion  Service  (IPMS)  (formerly 
the  International  Latitude  Service  (ILS))  and  the  Bureau 


Tjhk'  24-8  Spectrum  of  cli  njicc  in  earth's  rotation  (P.iKhesler.  t97.t|. 


I  A.  Inertial  Orientation  of  Spin  Axis 


1.  Steady  precession:  amplitude 

2.V’5: 'period  r-  25  7(X)  years. 

2.  Principal  nutation:  amplinidc 
9'.'2()  (obliquity):  period  18.6 
years. 


I  5.  Other  pci  iodic  contributions  to 
I  nutation  in  obliquity  and 

I  longitude,  amplitude  <  I": 

'  periods  9..f  years,  annual. 

I  semiannual,  and  fortnightly. 

j  4  niscrepancs  m  se  ular  decrease 
I  in  obliquitv ;  (’'"  .entury ('.’). 


B.  Terrestrial  Orientation  of 

Spin  Axis  (Polar  Motion) 

1 .  Secular  motion  of  pole: 
irregular  =  0'.'2  in  70  years. 

2.  'Markowitz'  wobble: 
emplitude  =  0702('.’);  period 
24-40  years! '.>). 


.2.  Chandler  wobble:  amplitude 
(variable)  ~  0'.'I5:  period 
425-440  days:  damping  time 
10-70  yearsC.’). 

4.  Seasonal  wobbles;  annual, 
amplitude  ~  O'W;  semiannual, 
amplitude  =  O'.'OI. 


5.  Monthly  and  fortnightly 
wobbles:  t theoretical) 
amplitudes  =  O'.'OOI. 

6.  Nearly  diurnal  free  wobble; 
amplitude  s  0'.’()2( .’);  periodts) 
within  a  few  minute  of  a 
sidereal  day. 

7.  Oppol/er  terms: 
amplitudes  ~  ()''02;  periwls  as 
for  nutations. 


C.  Instantaneous  Spin  Rate 
10  about  Axis 

1 .  Secular  acceleration: 
td/u)  =  -5  X  10  "Vyr. 

2.  Irregular  changes:  (a)  ever 
centuries  td/to  «  ±  5  X 

10  "Vyr;  (b)  over  1-10  years 
id/w  s  ±80  X  10  "Vyr;  (t) 
over  a  few  weeks  or  months 
('abrupt'). 

(d/to  «  ±  500  X  10  "Vyr. 


3.  Short-period  variations:  (a) 
biennial,  amplitude  =•  9  ms; 

(b)  annual,  amplitude  20-2 
ms;  (c)  semiannual, 
amplitude  =  9  ms;  (d)  monthly 
and  f(»rtnightiy. 
amplitudes  ^  1  ms. 
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Table  24-9.  Mcchanivms  viiih  effcets  ih>w  distinguishable  tm  the  earth's 
naaiion  latter  RiK'hester.  I97.1|. 


Mechanism 

Effect* 

Sun 

A.B7,CLC3c 

Gravitational  torque 

Solar  wind  torque 

C2c(‘?) 

Mexm 

Gravitational  torque 

A.B7.Cl,C3c-d 

Mantle 

BI.B3-4.Cl-2a.C3c-d 

Elasticity 

BI.B3 

Earthriuakes 

B3C?).C1 

Solid  friction 

Viscosity 

C2a 

Liquid  core 

A2-3.B2.B6 

Inertial  coupling 

C2b-cC.») 

Topographic  coupling 
Electromagnetic  coupling 

A4(.’).B3.C2 

Solid  inner  core 
inertial  coupling 

B2C.>) 

Oceans 

Bl.B3.B5.C2a 

Loading  and  inertia 

Friction 

B.3C?).CI 

Groundwater 

Loading  and  inertia 

B4 

Atmosphere 

B4 

Loading  and  incitia 

Cd2c.C3a-c 

Wind  stress 

At.mospheric  tide 

Cl 

•Numbers  refer  to  Table  24-X. 


International  de  I’Heurc  (BIHl.  These  organizations  coor¬ 
dinate  the  observations  obtained  throughout  the  world  using 
classical  mcthtxls  (for  example,  zenith  telescopes),  as  well 
as  implementing  the  satellite  Doppler.  V’LBI'.  LLR.  etc., 
techniques.  The  results  are  published  annually  by  both  or¬ 
ganizations. 

Figure  24-8  shows  the  motion  of  the  pole  of  rotation 
over  a  ueriod  of  8  years,  a ;  well  as  the  motion  (polar  wander) 
of  the  average  pole  o  .'er  a  periixl  of  15  years.  The  coordinate 
system  with  respect  to  which  polar  motion  is  measured  is 
centered  at  the  Conventional  International  Origin  (CIO). 
This  is  the  mean  position  of  the  pole  of  ',90.T  as  defined  by 
the  latitudes  of  the  five  observ'atories  of  the  ILS.  Figure  24- 
9  shows  the  most  recent  motions  (1978-1980)  of  the  pole 
as  determined  by  the  BIH  from  worldwide  observations. 
The  origin  in  this  case  is  defined  by  the  BIH  on  the  basis 
of  the  latitudes  of  all  contributing  observatories. 

Time  determination,  coordination  and  dissemination  are. 
on  an  international  scale,  three  of  the  principal  functions  of 
the  BIH.  Because  of  the  excellent  long-term  stability  of 
atomic  frequency  standards  (I  part  in  10").  atomic  time 
(AT)  has  virtually  replaced  ephemeris  tim-  (FT)  as  the  basic 


►  20 


Figure  24-8.  Polar  wander  1891- 1  %6 
Polar  wobbic:  1941-1949 

time  scale.  ET  refer. s  tc  ihc  time  variable  in  the  theory  of 
motion  of  the  sun.  miton.  and  plaviets  and  is  less  accurate 
and  more  difficult  to  determine  through  observations  (Wink¬ 
ler  and  VanRandem.  !977|.  Several  observatories  around 
the  world  maintain  their  own  atomic  time;  in  the  U.S.  it  is 
maintained  by  the  U.S.  Naval  Observatory  (USNO)  and  the 
National  Bureau  of  Standards  (NBS).  These  are  pooled  and 
intercompared  by  the  BIH  resulting  in  International  Atomic 


bigure  24-9.  Paih  of  the  pule  from  I97S.0  to  1981  0  |BiH.  1981. 
p.  B-.S(I). 


24-17 


CHAPTER  24 


Table  24-10.  Difference  between  the  earth  rotation  paramcicri  by  various  services  (extracted  from  Guinut.  1981 1. 


Service— BIH  =  A  +  B  (T  -  1975.01 
t'nits  ate:  O'OOOl  for  x  and  y. 

The  variations  B  are  yearly  rates. 


Time  (TAI).  Coordinated  Universal  Time  (UTC)  is  based 
on  the  same  atomic  time  scale  as  AT,  but  is  offset  occa¬ 
sionally.  by  so-called  leap  seconds,  to  maintain  a  close 
relation  to  the  actual  spin  rat  cf  the  earth,  called  UTI .  UTI 
is  Universal  Time  referring  to  the  CIO.  while  UTO  refers 
to  the  rotational  rate  of  the  instantaneous  rotation  axis.  Sev¬ 
eral  observatories  throughout  the  world  determine  UTO 
through  astronomical  observations.  The  longitudes  of  these 
stations  are  used  to  define  the  Mean  Greenwich  Meridian 
which  together  with  the  CIO  provides  the  orientation  of  the 
average  terrestrial  coordinate  system.  Table  24- 10  compares 
the  BIH  determinations  of  polar  motion  (x  and  y  compo¬ 
nents)  with  the  determinations  of  several  other  organiza¬ 
tions.  IPMS.  !LS.  and  DMA  which  used  satellite  Doppler 
observations. 


24.4.1  Lunar  Laser  Ranging 

Retroreflectors  were  placed  on  the  moon  by  the  Apollo 
II,  14,  and  15  and  the  Soviet  Luna  17  and  21  missions. 
Ranging  to  ail  of  these  reflectors  began  shortly  after  each 
mission,  and  is  still  continuing,  primarily  and  regularly  at 
the  McDonald  Observatory.  Fort  Davis.  Texas.  The  ranging 
is  done  with  high  energy  pulsed  la.sers  fired  through  large 
aperture  telescopes  which  also  serve  as  the  receiving  optics 
for  the  reflected  return  images.  Photo-electric  devices  record 
the  photon  receptions  against  a  precise  time  record.  The 
resulting  accurate  linear  measurements  (  ±  15  cm)  between 
the  observing  site  and  the  reflccbfrs  on  the  lunar  surface  are 
well  suited  to  studies  of  lunar  rotation  as  well  as  irregular¬ 
ities  in  the  earth's  rale  of  rotation  (determination  of  UTO) 
and  polar  motion  (however,  the  determination  of  the  polar 
motion  coniptment  perpendicular  to  the  meridian  requires 
more  than  one  observing  station!.  Accuracies  in  the  time 
determination  of  about  0.5  to  0.7  ms  have  been  stated 
(McCarthy.  19791.  but  compared  to  other  determinations, 
such  as  by  the  BIH.  the  root  mean  square  difference  can  be 
I  to  2  ms  (Langley  et  al  .  I9SI  (. 


24.4.2  Very  Long  Baseline  Interferometry 

The  primary  ob.servable  in  VLBI  for  geodetic  and  as¬ 
trometric  studies  is  the  measured  time  interval  between  the 
arrival  of  a  radio  signal,  from  some  extragalaclic  source 
such  as  a  quasar,  at  one  end  of  the  interferometer  and  its 
arrival  at  the  other  end.  This  interval  is  called  the  delay  and 
its  derivative  is  the  delay  rate.  From  a  sufficient  set  of  these 
data  as  functions  of  time,  the  geometry  of  the  interferometer 
baseline  and  the  position  of  the  observed  radio  sources  can 
be  determined.  Figure  24-10  shows,  in  simplified  form,  a 
typical  conventional  interferometer  with  two  antenna-re¬ 
ceiver  systems.  At  each  antenna,  the  radio  frequency  signal 
from  the  observed  source  is  converted  to  a  lower  “inter¬ 
mediate”  frequency  by  mixing  with  a  local  oscillator  (LO) 
signal.  The  LO  signals  are  supplied  to  the  mixers  at  both 
antennas  independently,  thus  allowing  large  separations  be¬ 
tween  the  receiving  stations.  The  resulting  signals  at  each 


Figure  24-10.  Very  l.i>ng  Bavciine  imerfemmetry  i  VLBI  I  ii(iser\  aiion 
gconielr\  (Rviin  et  al  .  !^7K| 
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station  are  recorded  and  time-tagged  on  magnetic  tape.  The 
two  tapes  are  later  cross-correlated  to  obtain  the  phase  delay, 
which  translates  into  time  delay  apart  from  the  indetermin¬ 
able  multiple  of  2it\.  where  X  is  the  wavelength  of  the 
signal.  This  ambiguity  is  resolved  by  combining  data  at 
several  frequencies  if  the  source  has  a  polychromatic  spec¬ 
trum  (bandwidth  synthesis  technique)  IRogcrs.  19701. 

The  state-of-the-art  VLBI  system  incorporates  the  Mark 
III  recorder,  developed  hy  the  Northeast  Radio  Observatory 
Corpttration  (Haystack  OI  servatory).  which  has  an  in¬ 
creased  frequency  bandwidth  recording  capability  compared 
to  earlier  devices,  and,  thus  decreases  the  effect  of  random 
errors.  Another  parameter  affecting  system  noise  is  the  ef¬ 
ficiency  of  collecting  the  signal;  this  depends  on  the  size 
and  accuracy  of  the  antenna  surface,  as  well  as  the  signal 
strength.  Transportable  systems  require  smaller  antennas 
and  the  resulting  degradation  in  accuracy  can  be  compen¬ 


sated  for  by  increasing  the  recording  rates.  Other  errors  are 
caused  by  clock  instabilities;  inaccurate  definition,  ocation. 
and  lack  of  strength  of  the  extragalactic  signal;  mndom 
atmospheric  disturbances;  and  imperfect  (or  lack  of,  mod¬ 
eling  of  geophysical  effects,  such  as  solid  earth  tides,  crustal 
motion,  and  earth  rotation.  Precisely  because  these  latter 
contribute  to  the  error  budget  of  VLBI  (that  is.  instrumental 
and  other  environmental  factors  do  not  predominate),  the 
continual  monitoring  of  these  geodynamic  phenomena  with 
VLBI  will  improve  the  as.sociated  models.  For  example,  a 
formal  precision  of  "002  in  polar  motion  components  and 
0.1  ms  in  UTl  was  reported  by  Ma  |198ll  using  14  days 
of  observations.  The  published  proceedings  of  a  VLBI  con¬ 
ference  held  at  the  Massachusetts  Institute  of  Technology, 
Cambridge.  Mass.,  in  1979  (NASA,  19.80)  provide  a  com¬ 
prehensive  documentation  of  the  technology,  geodetic  ap¬ 
plications.  and  future  capabilities  of  VLBI. 
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INFRARED  ASTRONOMY 

S.  D.  Price  and  T.  L.  Murdock 


A  descripiion  of'  the  infrared  celestial  background  is 
presented  in  this  chapter  with  special  emphasis  on  the  2  to 
30  (im  spectral  region.  This  description  is  based  upon  com¬ 
prehensive  surs'eys  of  the  apparently  brightest  sources  of 
discrete  and  diffuse  emission  in  the  sky  plus  selective  mea¬ 
surements  on  fainter  objects. 

25.1  OBSERVATIONAL  PARAMETERS 

Most  astronomical  observations  are  of  the  celestial  po¬ 
sition  and  brightness  of  a  source  at  a  given  resolution  and 
spectral  region.  These  quantities  may  be  measured  as  a 
function  of  time  to  detect  variability  and/or  motion.  Infor¬ 
mation  on  the  spatial  extent  of  the  source  depends  upon  the 
resolution  of  the  measurement,  while  knowledge  of  the  spec¬ 
tral  energy  distribution  is  a  function  of  spectral  resolution, 
and  the  range  of  wavelengths  covered.  Position  and  bright¬ 
ness  can  be  determined  much  more  accurately  than  distance 
for  most  objects. 

25.1.1  Coordinate  Systems 

The  position  of  a  celestial  object  is  measured  in  terms 
of  the  direction  to  the  source  projected  onto  a  sphere  of 
arbitrary  radius — the  celestial  sphere.  Angular  coordinates 
are  used,  measured  either  along  a  great  circle  formed  by 
the  intersection  of  the  sphere  and  a  plane  that  includes  the 
center,  or  a  small  circle  that  is  formed  by  a  plane  which 
does  not  include  the  center. 

A  projection  of  the  celestial  sphere  is  drawn  in  Figure 
25-1  for  an  observer  at  geographic  latitude  (b.  The  Iwal 
vertical,  defined  with  a  plumb  line,  intersects  the  celestial 
sphere  at  the  zenith  z  and  the  nadir.  The  horizon  is  the  great 
circle  perpendicular  to  the  vertical.  The  celestial  north  and 
south  poles  arc  projections  of  the  respective  poles  of  the 
earth.  The  meridian  is  the  visible,  or  upper,  half  of  the  great 
circle  which  goes  through  the  zenith  and  poles  and  intersects 
the  horizon  at  the  north  and  south  prrints.  The  celestial 
equator  is  a  great  circle  which  crosses  the  horizon  at  the 
east  and  west  points 

During  the  course  of  a  year,  the  sun  appears  to  move 
along  a  great  circle  in  the  sky.  This  circle,  called  the  ecliptic. 


is  a  reflex  of  the  earth's  orbit  projected  onto  the  celestial 
sphere  as  shown  in  Figure  25-2,.  The  ecliptic  and  celestial 
equator  intersect  at  the  equinoxes.  The  vernal  equinox, 
in  Figure  25-2,  is  the  point  where  the  sun  crosses  the  celestial 
equator  going  south  to  north.  The  pole  of  the  earth  s  rotation 
precesses  about  the  ecliptic  pole  due  to  tidal  forces  of  the 
sun  and  moon  with  a  26  OC'O  yr  period.  This  results  in  a 
westward  progression  of  'v  of  about  50  arc  sec  yr  along 
the  ecliptic. 

Horizon  (Ali  Azimuih)  System:  This  system  is  unique  to 
the  observer.  The  azimuth.  A  in  Fij.  -e  25-1.  is  the  angular 
distance  from  the  north  point,  eastwai  I  along  the  horizon 
to  the  vertical  circle  that  passes  thiougi.  'he  point  being 
considered.  The  altitude  h  is  the  angle  froi.  horizon 
along  the  vertical  circle.  The  complement  of  the  altitude  is 
called  the  zenith  angle. 

Celestial  Coonlinate  System:  The  celestial  coordinates 
of  right  ascension  (a)  and  declination  (6)  are  used  for  stellar 
ptrsitions  and  catalogs.  Since  precession  slowly  changes  the 
zero  point  of  this  coordinate  system,  the  positions  must  be 
referred  to  a  specific  eptKh. 

The  right  ascension  is  measured  eastward  from  the  ver¬ 
nal  equinox  to  the  hour  circle  passing  through  the  point  in 
question.  An  hour  circle  is  a  great  circle  through  the  celestial 
ptrles.  The  declination  is  the  angle  from  the  celestial  equator 
along  an  hour  circle.  Right  ascension,  customarily,  is  ex¬ 
pressed  in  units  of  time  where  I**  =  15°  or  4  =  I?  Dec¬ 

linations  are  positive  north  of  the  celestial  equator  and  neg¬ 
ative  south. 

Fclipiic  Coordinate  System:  The  ecliptic  plane  is  the 
plane  of  symmetry  for  objects  in  the  solar  system.  The 
ecliptic  longitude  \  is  measured  from  the  vernal  equinox 
eastward  along  the  ecliptic.  The  ecliptic  latitude  P  is  the 
angular  distance  from  the  ecliptic  along  a  vertical  great 
circle.  Elongation  angle  r  is  the  angle  along  a  great  circle 
between  the  sun  and  the  point  in  question. 

Galaciie  Coordinate  System:  The  galactic  plane  is  the 
geometric  reference  for  studies  of  galactic  structure.  The 
galactic  longitude  /"  is  the  angle  along  the  galactic  plane 
from  the  galactic  center.  The  galactic  latitude  b"  is  measured 
aiong  a  great  circle  perpendicular  to  the  galactic  plane.  By 
agreement  of  tbe  International  Astronomical  Union,  the  ce¬ 
lestial  coordinates  of  the  north  galactic  pole  are 
a(!9.5())  =  I2'’49'"n  and  6119.50)  =  -  27°24:o.  the  ga- 
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THE  ASTRONOMICAL  TRIANGLE 


•  l  iL’urc  .5  1  l!s»n/on  ;'iul  C'lNmlinalcs  The  is  in  the  n»»rihcrn  hemsphere.  whieh  places  the  lUMlh  celestial  |>'le  at  an  altiiiKle  «f> 

the  latmule  of  the  ^ihserser.  The  meijJian  Is  the  arc  NTVS  The  arc  /.S'  delines  the  vertical  circle  ihrmieh  slat  S  intersccline  the  hori/on 
at  S'  The  a/inuith  is  measured  alone  the  hori/on  eastward  Irom  N  to  S'  The  altitude  ts  the  arc  S'S”  alone  the  vertical  circle  ihioujih  S‘ , 
The  hiMit  Micle  I’S'P'  intersects  the  celestial  equator  at  S'  The  hour  aiiele  is  measured  irinit  the  inicrscclion  ot  the  rneridian  and  celestial 
equator.  (,).  wests* ard  alone  the  equator  to  S'  Riehl  ascension  is  ineasuivd  eastward  alone  the  celestial  cquaior  liom  "Y  to  S  .  IVcIinaiion 
IS  measured  (rom  the  equattu  ahute  the  hour  circle  The  shaded  tnanele  R/S’  has  the  basic  spherical  irieonomic  relations  used  to  convert 
Irtuii  one  CiNirdinale  svstem  to  another. 


lactif  center  al  at  1950)  =  I7''42'!'4  anil  80950)  = 
-  28?55  with  the  galactic  plane  inclined  62  h  to  the  celestial 
equator. 

25.1.2  Time 

The  time  scales  eiirrently  in  use  dilTer  in  the  delinition 
of  the  I'undamental  unit  and  how  passage  of  time  is  mea¬ 
sured.  Hphemeris  Time  (K'D  is  a  uniform  measure  used  in 
gravitational  theories  of  the  solar  system  to  calculate  precise, 
fundamental  ephermerides  of  the  sun.  moon,  and  planets. 
The  fundamental  unit  is  the  tropical  year  delined  by  the 
mean  motion  of  the  Min  in  ecliptic  longitude  at  .lanuary  tf'l  2'' 
KT  |9(K).  I’niversal  l  ime  (C  T)  is  delined  b\  the  successive 


transits  of  celestial  objects  and.  therefore,  is  related  to  the 
rotation  of  the  earth.  The  fundamental  unit  is  the  mean  solar 
day.  the  interval  between  two  successive  transits  of  the  mean 
sun.  riKMinean  sun  is  delined  to  move  al  a  uniform  rate 
along  the  celestial  equator.  .Sidereal  time  is  delined  by  the 
interval  between  two  successive' transits  of  the  mean  vernal 
equinox.  The  apparent  motion  of  the  sun  w  ith  respect  to  the 
stars  results  in  the  mean  sidereal  day  h.iiig  .4"'55l'9()95  sec¬ 
onds  shorter  than  the  mean  solar  day.  The  International 
Atomic  Time  is  the  most  preeisely  determined  lime  scale 
in  use  in  astronomy.  It  is  a  laboratory  reference  delined  by 
the  transition  between  'wo  hypertine  levels  in  the  ground 
stale  of  cesium  I.Vf  al  a  frequency  of  9  1 92  6.1!  770  1|/. 

The  differences  between  Hphemeris  and  Univeisal  Time 
are  tabulated  in  the  ".Astronomical  .Almanac"  (U.S.  (iov- 
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Figure  25-2  Galactic  and  F.cliptic  Oairdinate.  The  orbit  of  the  earth  projected  onto  iht  celestial  sphere  delines  the  ecliptic  plane.  The  ecliptic  pole  is 
inclined  2.^°44  from  the  celestial  pole.  By  definition,  the  intersectitm  of  the  ecliptic  and  equatorial  planes  is  the  zero  point  for  right  ascension 
and  ecliptic  longitude.  X  The  north  galactic  pole  is  some  6.1“  fivni  the  celestial  pole 


emmeni  Priming  Office)  as  is  the  difference  between  In¬ 
ternational  Atomic  Time  and  Coordinated  Universal  Time 
(t'TC).  UTC  is  the  scale  available  from  broadcast  signals. 


25.1.3  Intensities — Magnitude 

Absolute  intensity  measurements  by  direct  comparison 
with  laboratory  standards  exist  for  only  a  few  astronomical 
ohjects  Instead,  intensity  measurements  are  referred  to  one 
or  more  secondary  standard  stars.  The  secondary  standard 
stars  are  a  netweirk  of  non-variable  stars  roughly  uniform 
in  distfihiiiion  across  the  >ky  which  have  accurate  photom¬ 
etry  with  respect  to  each  o'hcr.  These  secondary  standards 


are  referenced  to  a  small  number  of  primary  standards,  stars 
which  have  absolute  flux  determinations  from  laboratory 
calibrated  sources, 

Johnson  |I965|  used  the  sun  as  a  standard  with  the 
obvious  problem  of  transferring  the  very  bright  extended 
source  to  fainter  intensity.  Vega,  «  Lyr.  is  currently  the 
mo.st  common  star  chosen  for  a  primary  standard.  Absolute 
calibration  of  a  Lyr  ihrough  direct  comparison  with  labo¬ 
ratory  standard  sources  covers  the  wavelength  from  0  T'’  to 
1.08  jam  to  an  accuracy  of  better  than  .JVr  (haves  and 
Latham.  I97.S;  Tug.  White,  and  LiK’kwofxl.  I977|  l.ow 
|I97,J|  has  obtained  the  absolute  1 1  |im  flux  on  stars  to 
10'?  accuracy  by  comparison  with  laboratory  standards 

Stellar  intensities  arc  often  expressed  in  ienns  of  nuig- 
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nitudo.  u  logarithniie  scale  referenced  to  an  adopted  stand¬ 
ard.  The  apparent  brightness  ratio,  li/l,.  of  two  stars  of 
apparent  magnitudes  irij  and  m,  is 

lyl,  =  10  '"1) 

■and  (25.1) 

m;;  -  mi  =  -2.5  log  (iyi|). 

The  absolute  magnitude  M  is  defined  as  the  apparent 
magnitude  a  star  would  have  at  a  distance  of  13  parsecs 
(2.085678  X  10 '  cm).  The  absolute  and  apparent  mag¬ 
nitudes  are  related  by 

M  -  m  -I-  5  -  5  log  r  -  A  (25.2) 

withr  =  the  stellar  distance  in  parsecs  and  A  the  interstellar 
extinction,  in  magnitudes,  to  the  star. 

The  measured  magnitude  also  depends  on  the  spectral 
energy  distribution  of  the  star  through  the  spectral  sensitivity 
of  the  detector.  The  spectral  selectivity  of  the  measurement 
is  usually  expressed  by  the  system  unique  parameters  of 
effective  wavelength  X,,  and  effective  bandwidths  de¬ 
fined  by 


and  (25.3) 

AX,  =  r  S.  dX 

Ji> 

with  S»  the  system  spectral  response. 

The  effective  wavelengths,  effective  bandwidths.  and 
flux  for  a  zero  magnitude  star  within  the  respective  band 
passes  are  given  in  Table  25-1  for  a  widely  used  system  of 
photoelectric  photometry.  The  photometric  bands  in  the  in¬ 
frared  coincide  with  atmospheric  transmission  windows. 

25.1.4  Distance 

Direct  radar  returns  and  radio  transmission  from  inter¬ 
planetary  space  probes  lead  to  very  accurate  distance  de¬ 
termination  within  the  solar  system.  Distances  to  nearby 
stars  can  be  calciihited  from  trigonometric  parallax,  the  stel¬ 
lar  Jisplacement  as  viewed  from  different  locations  of  the 
earth  s  orbit  around  the  sun.  More  distant  stars  require  in¬ 
direct  methods  for  calculating  distance,  which  depend  on 
the  statistical  properties  of  a  group  of  stars  and  the  apparent 
brightnesses  of  “standard  candles". 


T.ibic  25- 1  IX'linition  nf  zero  niuiinilude  flux  as  function  of  wavelength. 
IJohnvm.  tW).5;  Low.  t'f7,t| 
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25.1.4.1  Parallax.  The  trigonometric' parallax  is  defined 
as  the  angle,  p  or  it.  subtended  by  the  mean  radius  of  the 
orbit  of  the  earth  at  the  distance  of  the  star.  As  of  1980 
some  1 1  600  stars  have  parallaxes  measured  with  varying 
degrees  of  accuracy;  only  10  stars  have  parallaxes  deter¬ 
mined  to  better  than  29c  |Upgren.  1980]. 

A  parsec  pc  is  the  distance  at  which  the  parallax  is  one 
arc  second.  It  is  numerically  the  inverse  of  the  parallax  and. 
as  such,  is  an  independent  measure  which  scales  by  the 
value  of  an  astronomical  unit  (equals  mean  distance  between 
the  earth  and  sun).  By  definition  1  pc  =  206264.802  AU 
From  Allen  1I973|  1  AU  =  1.495979  x  10”  cm;  thus  1 
pc  =  3.085679  x  10"*  cm. 

Beyond  50  to  1(K)  pc  where  trigonometric  parallaxes  are 
unreliable,  distances  can  be  inferred  from  the  observed  mo¬ 
tion  of  stars.  The  measured  quantities  are  the  proper  motion, 
the  observed  angular  motion  pependicular  to  the  line  of 
sight,  and  the  radial  velocity,  which  is  determined  from  the  ^  , 

Doppler  shift  of  the  spectral  lines.  The  tangential  velocity 
can  be  detennined  from  the  proper  motion  and  radial  ve¬ 
locity  if  the  direction  of  the  total  velocity  vector  is  known. 

Various  methods  based  on  statistical  arguments  for  an  ag¬ 
gregate  of  stars  are  used  to  estimate  the  direction  of  the  total 
velocity  vector  or  the  value  of  v,  directly.  These  procedures 
are  valid  out  to  100  to  200  pcs  but  may  be  extended  to  a 
kiloparsec  using  a  reasonable  theory  of  galactic  rotation. 

25.1.4.2  Standard  Candles.  The  distance  mixlulus  (M- 
.  m)  can  be  derived  from  the  observed  apparent  magnitude 
and  know  ledge  of  the  absolute  magnitude  or  intrinsic  bright¬ 
ness  of  a  source.  An  estimate  of  the  interstellar  extinction 
will  then  prtxluCe  a  distance  through  Equation  (25.2). 

Spectroscopic  Parallax:  The  intensity  ratios  of  certain 
luminosity  sensitive  spectral  lines  correlate  well  with  the 
absolute  magnitude  of  those  stars  w'hich  have  accurately 
determined  parallax.  For  those  stars  bright  enough  for  a 
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high  dispcrsitin  spectrum  t(i  be  obtained,  the  spectroscopic 
parallax  is  derived  from  the  spectroscopic  estimate  of  the 
absolute  magnitude  and  the  observed  apparent  magnitude. 

Vwiahle  Siiir.\:  Stars  that  vary  in  brightness  in  a  dis¬ 
tinctive  manner  can  be  seen  to  large  distances  and  are  useful 
distance  indicators  when  their  absolute  magnitude  can  be 
related  to  the  variability. 

The  absolute  magnitudes  of  novae  at  maxima  are  cor¬ 
related  with  the  time  rates  of  decay  in  the  light  curves. 
Furthermore,  the  absolute  brightness  of  the  light  curves  are 
calibrated  from  the  novae  close  enough  to  have  expansion 
parallaxes,  that  is.  the  angular  expansion  rates  and  radial 
velocities  of  the  ejected  material  are  measured  and  a  distance 
derived  assunnng  spherical  symmetry. 

As  a  class,  the  cepheid  variables  exhibit  an  empirical 
relationship  between  absolute  magnitude  and  period  of  pul¬ 
sation.  The  various  cepheid  subclasses — classical  and  dwarf 
cepheids.  RR  Lyrae,  S  Set.  W  Vif.  P  CMti  and  p  Cep  stars— 
differ  in  the  shape  of  the  light  curve,  amplitude,  and  tem¬ 
perature  variation  during  pulsation.  The  absolute  magni¬ 
tudes  for  these  stars  are  derived  from  statistical  parallaxes 
and  stellar  evolution  nuxlels  applied  to  the  clusters  which 
contain  them. 

25.1.4.3  Dynamic  Distances.  A  theory  of  galactic  ro¬ 
tation  may  be  used  with  radial  velocity  measurements  to 
obtain  distances  greater  than  a  kiloparsec.  This  technique 
has  been  extensively  exploited  in  radio  astronomy  partic¬ 
ularly  for  Hll  regions  and  molecular  clouds. 

In  the  stmplesi  case,  galactic  constituents  are  assumed 
to  move  in  circular  orbits  with  a  decreasing  angular  vcIvKity 
with  increasing  distance  from  the  center.  At  a  given  lon¬ 
gitude  in  the  galactic  plane,  the  largest  observed  radial  ve- 
ItKity  is  at  the  point  where  the  line  of  sight  is  closest  to  the 
galactic  center.  A  rotation  curve,  in  terms  of  the  galacto- 
centric  distance  of  the  sun,  <i),i  is  constructed  from  the  max¬ 
imum  observed  radial  vcIcKity  as  a  function  of  longitude. 
This  curve  can  be  used  to  derive  distances  relative  to  w,, 
from  the  observed  radial  velocities.  If  the  measured  radial 
velwity  is  smaller  than  the  maximum,  the  positional  am¬ 
biguity  is  resolved  by  assuming  that  the  larger,  brighter 
objects  are  closer. 

25.1.4.4  Extragalactic  Distances.  Primarv  indicalc'rs  of 
extragalactic  distances  such  as  nov-ae  and  cepheid  variables 
are  calibrated  by  fundamental  means  within  our  own  galaxy. 
These  so  called  primary  staniiards  arc  good  out  to  about  a 
Megaparsec  (Mpc).  Overlapping,  and  calibrated  by  the  pri¬ 
mary  indicators,  are  less  reliable  indicators  such  as  the  brightest 
stars  in  a  galaxy  and  the  si/e  and  brightness  of  Hll  regiiMis. 
These  are  observable  out  to  about  10  Mpc.  At  distances 
greater  than  10  Mpc  isophotal  galactic  diameters  and  ga¬ 
lactic  luminosity  class  are  used  for  distance  determination. 

At  very  large  distances  the  radial  velocity  is.  on  the 
average,  directly  proportional  to  the  distance.  The  constant 


of  proportionality,  the  Hubble  constant  H  reflect  the  ex¬ 
pansion  rate  of  the  universe.  If  the  Hubble  constant  is  know  n 
then  a  measure  of  the  radial  vehK’ity  of  a  galaxy  results  in 
a  distance.  Various  recent  determinations  of  the  Hubble 
constant  range  from  .^0  to  1(X)  km  s  '  Mpc  '. 

25.2  THE  SOLAR  SYSTEM 

Our  knowledge  and  understanding  of  objects  in  the  solar 
system  have  advanced  spectacularly  over  the  past  decade 
with  the  fruition  of  the  space  exploration  programs  and  the 
development  of  new  measurement  techniques.  This  .section 
presents  a  description  of  the  solar  system  as  seen  at  wave¬ 
lengths  between  visual  and  .^0  gini  from  a  point  near  the 
earth  but  above  the  atmosphere. 

Objects  in  the  solar  system  scatter  and  absorb  sunlight. 
In  the  visible,  this  scattered  sunlight  has  a  spectral  distri¬ 
bution  similar  to  that  of  the  sun.  a  6000  K  blackbtxly  with 
absorption  and  emission  lines,  but  modified  by  the  spectral 
reflectivity  of  the  body's  surface.  The  object  is  warmed  by 
absorbed  sunlight  and  consequently  emits  thermal  radiation. 
This  thermal  re-emission  is  characterized  by  the  Planck 
equation  appropriate  to  the  temperature  and  mtxlified  by  the 
spectral  emissivity  of  its  surface  layers.  Thermal  emission 
arises  from  the. topmost  layers,  which  are  opaque  or  semi- 
opaque  at  the  wavelength  in  question.  In  the  simple  case  of 
a  body  with  ne.  atmosphere,  the  thermal  emission  spectrum 
is  determined  by  the  temperature,  the  physical  structure, 
and  the  chemical  composition  of  the  emitting  layer.  The 
asteroids,  most  planetary  satellites.  Mercury  and  the  moon 
fall  into  this  category.  If  the  atmosphere  of  the  body  is 
optically  thin,  the  infrared  thermal  emission  is  not  appre¬ 
ciably  altered  and  measurements  of  the  spectral  intensity 
continues  to  provide  information  about  the  surface  layers. 
At  the  other  extreme,  if  the  atmosphere  is  completely  opaque, 
infrared  emission  reveals  the  character  and  state  of  .the  at¬ 
mospheric  layers  which  are  optically  thick  at  the  measured 
wavelength.  Venus,  Jupiter.  Saturn,  Uranus  and  Neptune 
are  clear  examples  of  objects  in  this  category.  The  atmos¬ 
pheres  of  objects  intermediate  to  these  extremes  are  optically 
thick  only  at  some  wavelengths,  and  the  spectral  emission 
is  a  superposition  of  reflected  sunlight  and  thermal  emission 
from  the  surface  and  atmospheric  emission  and  absorption. 
Mars  and  comets  are  examples  of  this  class.  Finally,  an 
optically  thin  dust  cloud  is  present  in  the  solar  system.  The 
zodiacal  light  is  scattered  sunlight  and  thermal  emission 
from  the  dust  grains  in  this  cloud. 

25.2.1  Objects  with  Negligible  Atmospheres 

To  first  approximation,  a  typical  object  in  the  solar  sys¬ 
tem  diies  not  rotate  and  is  located  at  a  constant  distance, 
R.  from  the  sun.  .Assume  that  there  are  no  internal  sources 
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of  heat,  that  the  surface  cannot  conduct  heat  away,  and  that 
the  surface  is  in  equilibrium  with  sunlight.  At  the  subsolar 
point  of  such  an  object,  the  equilibrium  surface  temperature 
is  given  by  the  heat  balance  between  absorbed  sunlight  and 
radiated  thermal  emission 


(25.4) 


where 

A  =  Bond  Albedo  (ratio  of  total  incident  to  reflected 
light  for  a  spherical  body) 

E  =  Solar  constant  at  1 ,0  AU  =  .  1 368  W/m’ 

Eir  =  Infrared  average  emissivitiy 

o  =  Stefan-Bolt/mann  Constant  =  5.66956 
X  10 ’’ Wem^^deg  ■*. 

The  temperature  distribution  on  a  non-rotating  spherical  .sur¬ 
face  will  be  isothermal  concentric  bands  around  the  subsolar 
point.  If  the  sub.solar  point  is  defined  to  be  the  thermal  pole, 
the  temperature  at  thermal  colatitude  <i)  is 

T((t))  =  T„  cos' "  <1).  (25.5) 

For  an  object  with  a  rotation  peritxl  P  an  isotropic  surface 
material  with  uniform  density  p.  specific  heat  c  and  thermal 
conductivity  K.  the  temperature  distribution  inside  the  ob¬ 
ject  is  determined  by  the  heat  conduction  equation 

pc  --  =  K  V^T.  (25,6) 

The  boundary  condition  on  the  surface  in  sunlight  is 

Rir  E  cos  d)  =  KVT,.  (25.7) 

K* 

while  on  the  dark  side 

f,r  iiTt  =  KVT,  .  (25.8) 

If  the  rotational  axis  lies  m  a  plane  perpendicular  to  the 
incident  sunlight,  the  thermal  pole  traverses  the  rotational 
equator,  and  thermal  emission  from  the  dark  side  arisen  from 
thin  isothermal  longitudinal  stripes  whose  temperature  falls 
to  a  minimutn  just  before  ItKal  dawn.  The  minimum  tem¬ 
perature  is  determined  by  the  rotational  period  and  by  the 
thermal  properties  of  the  uppermost  several  meters  of  the 
surface  material.  Typical  minimum  temperatures  for  the 
mixrn  and  .Mercury  are  about  100  K.  indicating  a  kxtsely 
packed,  dusty,  dielectric  surface  material. 

For  the  more  realistic  case  of  an  atmosphereless  object 
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with  a  solid  bedrock  overlain  by  varying  depths  of  dust  and 
broken  riKk.  K,  p.  and  c  are  not  constant.  The  conduction 
equation  must  also  be  modified  to  include  radiation  between 
the  dust  grains,  which  is  a  major  heat  transpvrrt  mechanism 
in  this  case.  Furthermore,  rocks  which  protrude  through  the 
dusty  surface  have  been  shown  to  introduce  significant  dis¬ 
crepancies  between  the  predictions  based  on  the  simplified 
models  discussed  above  and  infrared  measurements  of  the 
lunar  terrain  during  eclipse  jAllen  and  Ney.  I969|  and  the 
planet  Mercury  near  inferior  conjunction  (Murdock.  1974). 

If  the  field  of  view  of  a  measurement  is  larger  than  the 
apparent  solid  angle  subtended  by  the  body,  the  resulting 
spectrum  is  the  superposition  of  scattered  sunlight  and  ther¬ 
mal  emission  from  the  visible  surface,  each  region  weighted 
by  the  respective  apparent  projected  area.  The  phase  angle 
i  is  the  angle  between  the  sun  and  the  observer  as  seen  from 
the  center  of  the  object.  The  fraction  of  the  illuminated  side 
seen  by  the  observer  is 

k  =  0.5  (1  +  cos'  i). 


Objects  with  orbital  radii  less  than  that  of  the  observer  will 
go  through  all  phases  0  «  k  «  1.  Objects  with  orbital  radii 
larger  than  the  observer  will  go  through  partial  phases 
kmin  k  1 .  The  phase  angle  may  be  calculated  from 


where 


cos  i 


Rj.,  -f  R-^  - 
2  Reo  R 


(25.9) 


R„,  =  true  geocentric  distance  in  AU 
R,.  =  true  Earth-Sun  distance  in  AU 
R  =  heliocentric  distance  of  the  object  in  AU. 

Values  of  phase  angle  and  the  orbital  distances  for  var¬ 
ious  solar  system  objects  are  tabulated  in  the  “Astronomical 
Almanac.” 

Color  temperature  T^.  is  defined  as  the  temperature  of 
the  Planck  function  B(\.T)  that  best  fits  the  measured  spec¬ 
tral  shape.  Brightness  temperature  Tt,  at  any  wavelength  \ 
is  defined  as  that  temperature  which  satisfies 

l(\)  =  Blk.fh)  n,. 

where  l(X)  is  the  measured  spectral  intensity  and  0..  is  the 
emitting  solid  angle.  For  simple  objects  in  solar  orbit,  the 
emitting  solid  angle  required  to  bring  the  color  and  bright¬ 
ness  temperatures  in  the  midinfrared  into  agreement  is.  to 
g<MKl  approximation 


U,  =  kll. 


where  fl  is  the  total  solid  angle  subtended  by  the  body  and 
k  is  the  fraction  of  the  sunlit  surface  visible  from  earth. 


Thus,  the  sunlit  portion  of  the  disk  dominates  the  total 
thermal  emission  at  these  wavelengths. 

The  effective  brightness  temperature  at  wavelength 
is  found  from 

l(X,)  =  B(X,.TJ  ft,. 

The  effective  brightness  temperature  can  be  normalized  to 
the  mean  sun-object  distance  R.,  by 

T.  (X)  =  T,  (X)  . 

The  apparent  brightness  of  the  object  varies  with  distance 
from  the  earth  through  the  relation 

l(X)  =  I(R,...X)  , 

where  R,„  =  tnie  geocentric  distance  at  the  time  of  mea¬ 
surement  and  d  =  desired  geocentric  distance. 

25.2.1.1  Mercury.  Mercury's  orbit  is  highly  eccentric 
and  its  infrared  spectrum  varies  not  only  with  phase  angle 
but  also  with  solar  distance.  The  subsolar  point  temperature 
variation  from  aphelion  to  perihelion  is  from  575  to  710  K. 
At  phase  angles  less  than  160°  the  effective  emitting  area 
required  to  bring  the  brightness  temperature  into  agreement 
with  the  color  temperature  is  the  solid  angle  of  the  visible 
sunlit  portion  of  the  apparent  disk.  At  phase  angles  greater 
than  160°.  the  contributions  from  hot  rocks  in  the  partially 
lit  crescent  and  the  dark  side  become  significant.  The  warm 
color  temperature  of  the  crescent  is  due  to  crater  walls  and 
raised  rocks  on  the  surface,  which  remain  in  sunlight  longer 
than  predicted  by  the  cos'  ‘‘6  variation  for  a  smooth  spherical 
surface.  These  objects  cool  at  a  slower  rate  than  the  rest  of 
the  surface  material.  Approximately  y/c  of  the  crescent  solid 
angle  is  required  to  make  the  crescent  color  and  brightness 
temperatures  equal.  The  minimum  effective  temperature  of 
106  K  observed  for  the  dark  side  (Murdock  and  Ney.  1970| 
is  indicative  of  a  dusty,  Itxisely  packed  surface.  Phase  curves 
of  the  visual,  X  =  .1.6.  10.8,  and  20  p,m  emission  for  Mer¬ 
cury  at  mean  solar  distance  (R  =  0..187AU)  corrected  to  a 
■constant  geocentric  distance  of  1.0  A U  (Murdockj  I974| 
is  given  in  Table  25-2. 

25.2.1.2  The  Moon.  The  lunar  surface  is  primarily  com¬ 
posed  of  a  kxjsely  packed  dielectric  dust  quite  similar  in 
thermal  and  visual  properties  to  the  surface  of  Mercury. 
Pictures  of  the  moon  and  Mercury  are  remarkably  similar 
as  are  their  visual  and  infrared  phase  curves  [Ryadov.  Fu- 
rashov,  and  .Sharonov.  1964;  Pikkarainen  1969;  Murdock 
1974).  The  lunar  albedo  is  0.07  (Allen,  I97.1|  and  the  sub- 
solar  p<iint  temperature  varies  between  .197  K  and  .191  K 
from  perihelion  to  aphelion.  Allen  (I970|  found  that  ap- 
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Tabic  2.S-2.  Mercury  magnitudes  at  ()..1K7  AL'  from  the  sun.  1 .0  AU  from 
the  earth. 


0 
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100 

-(-0.6 
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-(-.1.0 

-.1.1 

-  8.0 

-11.0 
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-(-4.9 

-(■0..1 

-  5.8 

-  10.4 

proximately  Y/c  of  the  average  lunar  surface  and  as  much 
as  I09f  of  crater  areas  must  be  exposed  rock  in  order  to 
account  for  the  lunar  thennal  anomolies  found  by  Shorthill 
and  Saari  ( 1965).  Thus  the  infrared  appearance  of  the  Moon 
would  be  nearly  identical  to  that  of  the  planet  Mercury  at 
the  same  solar  distance  and  the  shapes  of  the  phase  curves 
for  the  two  objects  can  be  assumed  to  be  similar.  The  lunar 
full  disk  X,  =  1 1 .4  gim  brightness  at  i  =  0°  is  M  =  -  22.5. 

25.2.1.3  Asteroids  and  Planetary  Moons.  As  of  Janu¬ 
ary  1984.  2992  asteroids  are  listed  with  orbital  elements  in 
the  “Minor  Planets  Circulars"  published  on  behalf  of  Com¬ 
mission  29  of  the  International  Union.  In  general,  the  a;;- 
teroids  have  albedos  between  0.065  and  0.2.1  (Gradie  and 
Tedcseo.  I982|.  The  infrared  spectral  energy  distributions 
between  5  and  .10  p.m  for  asteroids  are  quite  similar  to  those 
of  gray  btxJies  (Gillett  and  Merrill,  1975:  Hansen.  1977). 
A  decrease  in  emissivity  from  20  to  85  p.m  has  been  ob¬ 
served  for  some  asteroids  (LeVan  and  Price.  1984),  The 
a.steroid  distribution  is  concentrated  to  the  ecliptic  plane  with 
an  exponential  folding  height  of  abou'  7°. 

The  planetary  moons  are  an  inhomogeneous  set  of  ob¬ 
jects,  The  Mariner.  Pioneer.  Voyager,  and  Viking  series  of 
exploration  experiments  have  shown  the.  each  object  has  a 
unique  spectral  signature.  Typical  Bond  albedos  range  be¬ 
tween  0.2  and  0.7  for  ice  covered  or  dust  covered  satellite 
surfaces  (Hansen.  1977,  Smith  et  al.,  1981). 

25.2.2  Objects  with  Optically 
Thick  Atmospheres 

Emission  from  objects  with  optically  thick  atmospheres 
comes  from  those  depths  which  are  opaque  at  the  wavelength 
in  question.  The  visual  and  intrared  spectra  of  these  objects 
are  complex  superpo;;itions  of  scattered  sunlight  and  mo¬ 
lecular  vibration  and  rotation  band  emission  over  an  un¬ 
derlying  continuum  w'lich  can  be  approximated  by  a  gray 
body  spectrum.  In  general,  thennal  radiation  at  different 
infrared  w.-welengths  comes  from  different  atmospheric  depths 
and  results  in  different  effective  brightness  temperatures. 


CHAPTER  25 


Tablf  25-3.  Planets  with  optically  thick  atmospheres,  compiled  from  data  given  in  Stier  et  al.  11977].  Wright  |l97h|.  Reed  et  al.  |l97!i|.  Ward  et  ai. 

1 1977).  Knekson  et  al.  |  I97S|.  Tokunga  el  al.  j  1977].  Gillcll  and  Forest  ( 1974).  Hanel  et  al.  1 1981  j.  Allen  and  MurdiK'k  1 1970]  and  Courien 
ctal,  |I978| 
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T 

Icq 

Ten 

T,„ 

Tgo 

■nm' 

Venus 

0.77  ±  0.07 

228  ±  5 

240  ±  5 

200-250 

245 

Jupiter 

0.35  ±  0.07 

III 

125  ±  3 

124 

125 

130 

Saturn 

0..50  ±  0.03 

76  ±  1 

94.4  ±  3 

no 

92 

85.6  ±  3 

Titan 

0.21 

86 

no 

126 

no 

Uranus 

0.31  ±  0..35 

58.5 

58.5 

133  ±  4  at  5pm 

54.7  ±  1.8 

58.5 

Neptune 

0.33 

46 

59.7 

1 15  at  7.5pm 

60 

59.7  ±  4 

A  -  Bond  .Mhedo 

T„  =  Equilibrium  Temperature 

T,n  =  Effective  Temperature 

T|.i  =  10  pm  Brightness  Temperature 

Tjn,  =  20  pm  Brightness  Temperature 

=  Brightness  Temperature  in  the  .30-  250  pm  Region 


The  visual  appearance  of  these  ohjeefs  varies  from  the  smooth 
featureless  cloud  tops  of  Venus  to  the  brightly  banded  tur¬ 
bulent  clouds  of  Jupiter.  Table  25-.J  summarized  the  visual 
and  infrared  properties  averaged  over  the  disk  for  this  class 
of  object. 

25.2.3  Objects  with 

Semi-Transparent  Atmospheres 

The  third  class  of  objects  in  the  solar  system  consists 
of  those  bodies  with  semi-transparent  atmospheres.  The  sur¬ 
face  emission  is  mtxliiied  or  bkK'ked  at  some  wavelengths, 
and  the  observed  spectral  intensity  originates  in  both  surface 
layers  and  the  atmosphere. 

25.2.3.1  Mars.  The  Martian  atmosphere  is  optically  thin. 
At  wavelengths  between  .'^0  and  ,300  pm  the  mean  trans¬ 
mission  is  between  S.S'/r  and  .  The  atmospheric  effects 
are  also  sm.ill  at  the  shorter  infrared  wavelengths.  The  pre¬ 
dominant  result  is  that  the  product  (K  pc)'  ’  of  the  Martian 
surlare  is  three  times  larger  than  that  for  Mercury  and  the 
MtHin,  The  Martian  albedo  averaged  over  tlie  disk  is  0.  lO 
and  the  A..  --  lO  pin  effective  brightness  temperature  varies 
between  2.30'  K  and  270  K  with  phase  angle  and  solar  dis¬ 
tance  variations  |\Vright.  1^76]. 

25.2.3.2  Comets.  Comets  appear  to  originate  in  deep  space 
beyond  the  orbit  of  Pluto  Chance  gravitational  encounters 
w  ith  nearby  stais  or  each  other  propel  several  of  these  ob¬ 
jects  per  year  into  the  outer  solar  system.  Gravitational 
interactions  w  ith  the  giant  planets  send  the  comets  into  the 
inner  solar  system  on  parabolic  or  hyperbolic  orbits.  Hn- 
counters  with  the  planets  can  also  mixlify  these  open  orbits 
into  closed  long  period  ellipses.  Since  the  comets  originally 
condensed  from  the  solar  nebulae  at  such  large  distances 


l-ij'iirc  25-.'.  Variulion  o\'  ihc  /inJiucal  emission  al  10.9  p.m  t'^quares)  and 
20-9  pLin  (irianelesi  alone  the  ecliplic  plane  Solid  and  dashed 
linev  are  ihe  nuKlel  prediiiions  at  the  respeelive  vkavelenelhs 
from  Hquation  *2?  10) 
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from  the  sun,  they  appear  to  have  lost  very  few  of  their 
volatile  compounds  and  seem  to  be  light,  porous  clumps  of 
frozen  gases  and  dust  grains.  New  comets  which  have  never 
approached  the  sun  should  have  retained  most  of  their  orig¬ 
inal  accretion  structure.  As  the  comet  moves  closer  to  the 
sun  it  begins  to  warm,  sheds  its  outer  layers  and  probably 
changes  its  internal  structure  by  melting.  The  dust  and  gas 
that  has  been  removed  from  the  outer  layers  escapes  from 
the  core  and  follows  its  own  solar  orbit  trajectory  as  the 
comet  tail  and  anti-tail.  Typical  radii  of  the  comet  nucleus 
range  between  5  and  30  km  with  albedos  about  0. 18  [Ney, 
1974). 

25.2.4  The  Zodiacal  Light 

A  low  density  cloud  of  dust  surrounds  the  sun.  This 
cloud  is  concentrated  toward  the  eliptic  plane  of  the  solar 
system  and  extends  inward  from  the  orbit  of  Jupiter  to  a 


Figure  25-4  Plane  pole  variation  in  the  10  9  and  20.9  zodiacal  radiance 
at  an  elongation  of  45"^  Svmbtils  are  the  same  as  in  Figure 
25-.^. 
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minimum  solar  distance  determined  by  the  sublimation  tem¬ 
perature  of  the  dust  grains.  Sunlight  scattered  from  these 
grains  appears  as  a  diffuse  background  glow  in  the  night 
sky.  This  glow  is  brightest  toward  the  sun  and  is  centered 
near  the  ecliptic  plane.  The  zodiacal  light  has  been  observed 
visually  since  ancient  times  and  systematically  studied  since 
the  late  1600s.  Satellite  observations  and  ground  based  stud¬ 
ies  of  the  visual  zodiacal  light  have  been  used  in  conjunction 
with  data  from  the  Pioneer  and  Helios  space  probes  to  define 
the  extent  and  apparent  angular  distribution  of  the  dust  cloud 
[Leinert,  1975).  Recently,  infrared  measurements  taken  dur¬ 
ing  rocket  flights  and  satellite  experiments  have  relumed 
the  first  definitive  infrared  observations  of  the  clouds  thermal 
emission  spectrum  (Soiferet  al.,  1971;  Price  et  al.,  1980; 
Murdock  and  Price,  1984;  Hau.ser  et  al.,  1984). 

■  The  observed  variation  in  the  10.9  and  20.9  p.m  radiance 
along  the  ecliptic  plane  is  shown  in  Figure  25-3.  The  p'ane 
.0  pole  changes  in  these  radiances  are  shown  in  Figure  25- 
4  for  a  sun  centered  longitude  of  45°  Infrared  spectropho¬ 
tometry  of  the  zodiacal  emission  at  a  sun  centered  longitude 
of  60°  and  at  the  north  ecFptic  pole  in  the  summer  is  shown 
in  Figure  25-5. 

The  dynamics  of  small  particles  in  the  solar  system  are 
ILeinhert.  1975)  as  follows.  The  solar  gravitational  accel¬ 
eration  is  opposed  by  the  centripetal  acceleration  from  the 
orbital  velocity  and  outward  radiation  pressure  of  incident 
sunlight.  The  radiation  pressure  exceeds  the  gravitational 


Figure  25-5  Spcciropht>iomctr>  of  ihe  ^tnliacal  lighf  at  the  ecliptic  po!e 
and  in  the  plane  at  N)“  elongation  .Visual  values  arc  fmni 
Allen  |I97.’1, 
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force  for  particles  smaller  than  0.2  p.m  in  diameter  and  these 
particles  are  blown  out  of  the  solar  system.  A  braking  force 
(Poynting-Robcrtson  effect)  due  to  the  small  aberration  of 
sunlight  decelerates  a  small  panicle  in  the  solar  system 
causing  it  to  slowly  spiral  into  the  sun.  As  the  dust  panicle 
nears  the  sun  it  w  arms  up.  subliming  until  it  is  small  enough 
to  be  driven  out  of  the  solar  system  by  radiation  pircssure. 
A  typical  dust  grain  has  a  radius  of  1 .0  p.m  and  takes  about 
10^  years  to  be  ejected  from  the  solar  system  after  injection. 

The  spectral  energy  distribution  of  the  aodiacal  light  is  ' 
a  suiierposifion  of  scattered  sunlight  and  thennal  emission 
from  all  the  panicles  along  the  line  of  sight  The  scattered 
sunlight  at  a  solar  elongation  of  90°  in  the  ecliptic  plane 
can  be  represented  by  the  solar  energy  distribution  diluted 
by  9  X  10  lAllen.  1973|.  The  infrared  energy,  j(X),  in 
a  solid  angle,  dio.  from  the  dust  in  the  solar  system  is  the 
sum  of  ihc  thermal  emission  and  scattered  sunlight  and  is 
given  by 

j(X)  =  <1/  j  ds  N(D.7,s)  IT  s'j^Q,.,,,  (X.s)B(X,Tp) 

+  X.s)F  (X)  j  do) 

(25.10) 

d/  =  increment  along  the  line  of  sight 
Qc„,  =  emission  efficiency  =  f(X)  emissivity 
s  =  panicle  radius 

Tp  =  particle  temperature  , 

N  =  number  density  at  an  in  plane  distance  of  D 
from  the  sun  and  z  afiove  or  below  the  plane 

FtX)  =  infrared  solar  energy  distribution  , 

D  =  projection  of  solar  distance.  R.  of  particle  into 
the  ecliptic  plane 

Z  =  height  of  panicle  above  the  plane 
R-  =  D-’  +  Z- 


0  (X...S.f))  =  scattering  efficiency  =  - —  P((-f)  with 

4  TT 

aiX)  =  albedo  of  the  particle. 

The  integral  in  Fquation  (2.5. 10)  is  heavily  weighted  for 
near  earth  conditions  and  a  mean  value  of  emissivity 
(F  =  0.7).  albedo  (a  =  0..^)  and  particle  area  times  density 
(s'N.,  =  6  44  X  10  -\-m  ')  reasonably  represent  the  ob¬ 
served  data.  Separating  ihe  spatial  density  variation  inio  an 
exponential  vertical  distrihuti'on  and  a  power  law  in  plane 
distribution  Kquation  (25.10)  tits  the  observed  data  if 


j(X)  =  l.4xl()-'em  'J  d/ exp  |  - 2.6|^|  BtX.T, 
+  O.I37P(e)F(X) 


Ida) 


(12.11) 


where  P(0)  is  the  scattering  coefficient  in  terms  of  Legendre 
polynomials  P(0„)  =  Po(cos0)  +  1.3054  P,(cos 
0)  -f-  I..3014  Pdcos  0), 

This  expression  was  used  to  calculate  the  model  fits  in 
Figures  25-3  through  25-5.  Table  25-4  lists  the  observed 
10.9  and  20.9  radiances  as  a  function  of  ecliptic  elongation 
and  latitude  in  5°  bins  in  each  Cix^rdinate.  .Satellite  meas¬ 
urements  I  Hauser  et  al..  1984]  are  40%  higher  at  the  ecliptic 
pole  and  a  factor  of  two  higher  in  the  plane. 

Satellite  observations  [Low  et  ai.  1984)  indicate  the  pres¬ 
ence  of  three  roughly  parallel  bands  of  excess  zodiaca'  emis¬ 
sion  located  at  -  1 0°6 .  -  2°8  and  9°  latitude  The  1 60-  200  K 
color  temperature  of  this  excess  emission  is  characteristic  of  the 
main  asteroid  belt.  This  argues  for  an  asteroidal  origin  for  the 
zodiacal  dust.  The  infrared  spectra  of  the  zodiacal  emission  is 
consistent  with  dust  found  in  comet  tails.  The  origin  of  the  in¬ 
terplanetary  dust  is  still  nor  resolved. 


25.3  THE  GALAXY 

The  galaxy  is  composed  of  stars  and  clouds  of  gas  and 
dust  in  roughly  equal  proportion  by  mass.  It  is  lenticular  in 
shape  with  an  ellipsoidal  bulge  and  a  surrounding  disk  with 
an  almost  exponential  decrease  in  brightness  and  mass  with 
distance  from  the  center.  The  gas  has  an  exponential  scale 
height  of  about  4  kpc.  the  stars  2-3  kpc.  There  is  evidence 
for  a  spiral  pattern  in  the  disk.  A  sparse  .scattering  of  single 
stars  and  clusters  oi  stars  (globular  clusters)  are  spherically 
distril  Jted  about  the  galactic  center  in  the  galactic  halo 
The  sun  is  about  8.5  kpc  fror  the  galactic  center  and  travels 
at  a  speed  of  about  225  km/s. 


25.3.1  Stars 

Stars  may  be  grouped  into  four  general  categories  ac¬ 
cording  to  size,  luminosity,  and  density.  Most  stars  are 
dwarf  or  main  sequence  stars.  Within  20  parsecs  of  the  sun 
90Vi  of  ail  stars,  including  the  sun.  are  dwarfs.  White  dwarfs 
aT  stars  of  low  luminosity,  high  temperature,  and  very  high 
density.  They  constitute  about  R'T  of  the  nearby  stars.  Giant 
stars  are  large  objects  of  low  density  and  high  intrinsic 
luminosity.  Although  they  account  for  only  0.7%  of  the 
stars  in  the  solar  neighborhoixl.  they  dominate  the  bright 
end  of  the  source  counts  because  of  their  high  luminosity. 
Supergiani  stars  are  extremely  bright  stars  of  very  low  den¬ 
sity.  up  to  KX)  times  mure  luminous  and  It)  times  larger 
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Table  25-4a.  ZiaJiatal  Radiance  at  10.9  (cm.  L'nits  are  lOr'-  Wcm  V*’! 
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Table  25-4a  (continued) 
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Table  25-4b,  Zinliacal  Radiance  at  20.<)(ini.  Units  arc  10‘''Wcm“’M-ni  'sr'‘. 
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than  giants.  Supergiants  are  rare  but  can  be  seen  over  great 
distances. 

25.3.1.1  Spectral  Clas.sification.  The  features  in  a  nor¬ 
mal  stellar  spectrum  permit  the  classilication  of  stars  in  a  se¬ 
quence  of  decreasing  temperature.  The  main  spectral  charac¬ 
teristics  of  the  classification  scheme  are  listed  in  Table  25-5. 
Each swctral class  isdivided into  lOormoresiibintcrvals. 


Table  2.^-5.  Stellar  Classificalion. 


Class 

Class  Characteristics 

Oxygen  Stars 

0 

Hot  stars  with  He  II  absorption. 

B 

He  1  in  absorption.  H  absorption 
stronger  at  later  .sub-classes. 

A 

H  absorption  very  strong, 
decreasing  at  later  sub-classes.  Ca 

II  increases  with  sub-class. 

F 

Ca  II  increases  with  sub-class,  H 
weaker  than  class  A,  lines  of 
metals  developing. 

G 

Ca  II  strong.  Fe  and  other  metals 
strong.  H  weaker,  molecular  lines 
appear. 

K 

Strong  metallic  lines,  molecular 
bands  more  pronounced. 

M 

Carbon  Stars 

R  or  C 

N 

Heavy  Metal  Stars 

S 

Cool  stars  with  lines  of  neutral 
metals  very  strong.  TiO  bands 
present  and  increasing  with  sub- 
cla.ss. 

Cix)l  stars  ( =  M )  Strong  CN  and 

C-  bands,  no  TiO.  metallic  line 
spectra  similar  to  K  &  M  stars. 

CiK)l  stars  (=  M)  bands  of  ZrO. 

YO  and  LaO,  Zr  and  Tc  lines. 

loni7atj('n  is  denoted  by  Roman  numerals.  A  neutral  at«>m  is  I.  singly 
toni/ed  II. 


A  plot  of  absolute  visual  magnitude  against  spectral  class 
(or  temperature)  for  stars  results  in  a  well  ordered  display 
called  the  Ucrt/sprung-Russell  diagram.  Stars  of  different 
luminosity  classes  occupy  Jitlerent  regions  of  the  diagram. 
Thus,  a  two  dimensional  classiticatittn  scheme  is  required, 
one  which  specifies  the  temperature,  alternatively  spectral 


class,  the  other  the  luminosity,  or  intrinsic  brightness.  Table 
25-6  lists  the  absolute  visual  magnitude  as  a  function  of 
spectral  and  luminosity  class  for  normal  stars. 

25.3.1.2  Stellar  Luminositie.s,  Colors  and  Tempera¬ 
tures.  The  total  pow'er  over  all  wavelengths  emitted  by  a 
star  is  the  luminosity,  L.  The  effective  temperature  T..  of  a 
star  of  radius  R  is  related  to  the  luminosity  by 

L  =  4it  R^oTe^ 

IT  =  Stefan-Boltzmann  constant  =  5.66956  x  Kf 
Wem  ’deg  ■*. 

The  apparent  bolometric  magnitude,  mh„i,  corresponds 
with  the  apparent  luminosity  of  the  star  at  the  earth.  The 
bolometric  correction  B.C.  is  the  value  that  is  added  to  the 
visual  magnitude  to  obtain  mi,,|. 

The  difference  in  magnitudes  for  observations  of  a  star 
in  different  spectral  bands  is  called  the  color.  The  colors 
for  dwarf  and  giant  stars,  based  on  the  photometric  system 
defined  in  Table  25-1.  are  listed  in  Tables  25-7  and  25-8, 
respectively,  as  a  function  of  spectral  type.  Also  included 
are  the  bolometric  correction  and  effective  temperature  for 
each  class,  The  absolute  magnitude  in  any  of  the  specified 
spectral  bands  can  be  calculated  from  the  data  in  Tables  25- 
6.  25-7  and  25-8. 

25.3.1.3  Infrared  Stars.  The  dominant  stellar  compo¬ 
nent  of  the  apparent  background  shifts  to  the  later,  and 
cooler,  spectral  types  as  the  wavelength  of  observation  is 
increased.  of  the  stars  in  the  Two  Micron  Sky  Survey 
(TMSS)  of  Neugebauer  and  Leighton  1 19691  are  M.  S.  or 
C  giants;  less  than  3%  of  the  stars  in  the  visual  spectral 
region  are  this  ctx)!  [Nort.  I9.5()|.  At  wavelengths  longward 
of  6  pm  several  new  classes  of  objects  dominate  over  the 
"normal"  stellar  component.  These  sources  have  low  in¬ 
frared  color  temperatures  due  to  either  an  intrinsically  low 
temperature  or  extinction.  The  discrete,  isolated,  starlike 
sources  among  these  new  objects  appear  to  be  undergoing 
rapid  mass  loss.  This  mass  loss  prixluces  extensive  dusty 
envelopes  that  contain  grains  of  silicate,  graphite,  SiC.  Fe 
or  FciC.  The  emission  from  the  embedded  star  is  absorbed, 
in  part,  and  re-emitted  in  the  infrared. 

25.3.1.4  M  Stars.  M  stars  are  reci.gnized  by  the  optical 
features  outlined  in  Table  25-5  or  by  low  resolution  IR 
spectroscopy  for  optically  faint  obiects.  Main  spectral  fea¬ 
tures  are  the  CO  fundamental  and  first  overtime  at  4.7  and 
2.3  (Jim.  H-O  at  2.7  pm.  and  circumsteliar  silicates  at  9.7 
pm  and  in  some  cases.  IS. 6  pm.  The  silicate  feature  is 
generally  in  weak  emission  in  early  .M  stars.  It  becoiiies 
progressively  stronger  with  advancing  spectral  subclass,  and 
in  extreme  cases  it  is  optically  thick  and  appears  as  a  strong 
absorption  Examples  are  given  in  Figure  25-6.  .Many  of 
these  stars  exhibit  OH  maser  emission. 
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Table  25-7.  The  Main  Scquf^ncc  coliirs  compiled  trom  data  given  by  Johnson  1 1966),  Aanmson.  Fn)gel  and  Persson  ( I97X|.  Veeder  1 1974).  and  Hayes 
[I978|. 


Spt 

U-V 

B-V 

V-R 

V-1 

V-J 

V-H 

V-K 

V-L 

V-M 

V-N 

BC 

■■ 

05-7 

-  1.46 

-6.32 

-0.15 

-0.47 

-0.73 

-0.94 

-I.OI 

-  .3.9 

42000 

08-9 

-  1.44 

-0.31 

-0.15 

-0.47 

-0.73 

-0.94 

-1.01 

-  3.5 

34(XX) 

09.5 

-1.40 

-0.-30 

-0.14 

-o;46 

-0.73 

-0.94 

-  1.00 

-  3.1 

31900 

BO 

-  1.38 

-  0.30 

-0.13 

-0.42 

-0.70 

-0.93 

-0.94 

-2.96 

.30.3(X) 

BO.  5 

-  1.29 

-0.28 

-0.12 

-0.39 

,-0.66 

-0.88 

-0.93 

-2.83 

286(X) 

Bl 

-  1.19 

-0.26 

-0.11 

-0..36 

-0.61 

-0.81 

-0.86 

-2.59 

257(X) 

B2 

-  1.10 

-0.24 

-0.10 

-0.32 

-0.55 

-0.74 

-0.77 

-2-36 

2.3I(X) 

B3 

-0.91 

-0.20 

-0.08 

-0.27 

-0.45 

-0.61 

-0.63 

-  1.94 

I89(X) 

B5 

-0.72 

-0.16 

-0.06 

-0.22 

-0.35 

-0.47 

-0.48 

1.44 

l.5.3(X) 

B6 

-0.63 

-0.14 

-0.06 

-0.79 

-0..36 

-0.41 

-0.41 

-  1.17 

|40(X) 

B7 

-0..54 

-0.12 

-0.04 

-0.17 

-0.25 

-0-35 

-0.34 

-0.94 

i.3(XX) 

B8 

-0.39 

-0.09 

-0.02 

-0.12 

-0.17 

-0.24 

-0.22 

-0.61 

ll.5(X) 

B9 

-0.25 

0.06 

0.00 

-0.06 

-0.09 

-0.14 

-0.11 

-0.31 

10106 

AO 

0.00 

0.00 

0.02 

-0.00 

-0.01 

-0.03 

0.00 

-0.03 

-0.03 

-0.15 

9410 

A2 

0,12 

0.06 

0.08 

0.09 

0.11 

• 

0.13 

0.16 

0.13 

0.13 

-0.08 

89(K) 

A5 

0.25 

0.14 

0.16 

0.22 

0.27 

0-36 

0.40 

0-36 

0..36 

-0.02 

8210 

A7 

0..30 

0.19 

0.19 

0.28 

0.35 

0.46 

0.52 

0.46 

0.46 

-0.01 

7920 

FO 

0.34 

0.27 

0..30 

0.47 

0.58 

0.79 

0.86 

0.79 

0.79 

-0.01 

7160 

F2 

0..39 

0.36 

0..35 

0.55 

0.68 

0.95 

0.93 

1.07 

0.93 

0.9.3 

-0.02 

6880 

F5 

0.45 

0.42 

0.40 

0.64 

0.79 

1.08 

1.07 

1.25 

1.07 

1.07 

-0.03 

6560 

F8 

0.55 

0..50 

0.47 

0.76 

0.96 

1.29 

1.25 

1.45 

1  27 

1.27 

-0.08 

6190 

GO 

0.63 

0..59 

0..50 

0.81 

1.03 

1.38 

1-35 

I..53 

1.35 

1.44 

-0.10 

6010 

G2 

0.79 

0.63 

0.53 

0.86 

I.IO 

1.47 

1,44 

1.61 

1.54 

1.69 

-0.1.3 

.5860 

G5 

0.89 

,  0.70 

0..54 

0.89 

1.14 

1.52 

1.49 

1.67 

-0.14 

5780 

G8 

1.06 

0.74 

0.58 

0.96 

1.24 

1.60 

1.63 

1.85 

-0.18 

5580 

KO 

I..36 

0.89 

0  64 

1.06 

1.38 

1.80 

1.83 

2.00 

-0.24 

5260 

K2 

1.60 

0.95 

0.74 

1.22 

1-57 

2.09 

2.15 

.2.25 

-0.3.5 

48.50 

K5 

•  2.28 

1.18 

0.99 

1.62 

2.04 

2.71 

2.82 

2.84 

-0.66 

4270 

K7 

2.52 

1..37 

1.16 

2.00 

2.43 

3.13 

3.25 

3.40 

-0.93 

40.30 

MO 

2.67 

1,43 

1.28 

2.26 

2.85 

3.46 

3.60 

3.78 

-  1.21 

3880 

Ml 

2.70 

1.49 

1.42 

2.56 

3.21 

3.83 

4.00 

4.15 

-  1.49 

3720 

M2 

2.69 

I..53 

1.51 

2.76 

3.45 

4  08 

4.27 

4.47 

-  1.75 

.3WX) 

M.1 

2.70 

I..58 

1.61 

2.83 

3.72 

4.36 

4.57 

4.85 

-  1  90 

.3480 

M4 

2.70 

1.62 

1.71 

3. 30 

.3.99 

4,64 

4.87 

5.40 

-2.28 

3370 

M5 

2.80 

1.68 

1.84 

3,49 

,  4-34 

5.00 

5.25 

5,80 

' 

-  2.5*3 

(3260) 

M6 

2.99 

1,76 

2.01 

3.87 

4.69 

5.46 

5.75 

7.8 

-2  93 

(.3140) 

M7 

3.24 

1.87 

2.26 

4.42 

5-34 

6  16 

6. 50 

-3.46 

(2880) 

M8 

(3.-50) 

1.99 

2.52 

4.'X) 

6.25 

6.85 

7.25 

9.6 

-4, (XI 

12620) 

Most  of  the  late  M  lype  .stars  exhibit  nearly  periodic 
variations  of  one  or  more  magnitudes  in  the  infrared.  The 
periixl  of  variability  correlates  with  the- strength  of  the  sil¬ 
icate  emission  feature  |DeCiiora-Hastwx>»xl  et  al..  1981 1  and 
with  the  amplitude  of  variability.  An  extreme  example  is 
AFGL  220.5  with  a  -I  magnitude  amplitude  of  variability  at 
2.2  and  .1.4  (Am  and  a  4  year  periixl. 

25.3.1.5  Carbon  .Stars.  In  addition  to  the  features  listed 
in  Table  2.5-.‘>.  carbon  stars  are  distinguished  in  the  infrared 
by  an  absorption  al  .f  I  pim  due  to  various  hydriKarbons 
and  a  broad  SiC  dust  feature  near  1 1  (im.  Figure  2.5-7  shows 


these  features  for  progressively  cixiler  carbon  stars.  The 
combination  strong  molecular  blanketing  in  the  visual  for 
the  eixiler  carbon  stars  and  circumstellar  absorption  make 
these  stars  optically  faint.  Consequently,  the  relative  pro¬ 
portion  of  carbon  stars  as  compared  to  laie  M  stars  at  a 
given  magnitude  increases  with  increasing  wavelength. 

25.3.1.6  Planetary  Nebulae  and  Related  Objects.  In¬ 
frared  spectra  of  planetary  nebulae  show  ,  in  general,  emis¬ 
sion  bands  superinifiosed  on  featureless  eonlinua  charaeler- 
istic  of  heated  dust.  The  emission  bands,  shown  in  Figua’ 
2.5-8  for  the  planetary  NGC  7027.  are  probably  small  hy- 

25-15 


V 


a  .-  V  -• 


APPENDIX 


il 


CHAPTER  25 


Tabic  25*}<.  Col4)r^  for  the  Giant  Stars,  compiled  fn»m  data  given  by  Johnson  |I%6|.  Aaron.  Frogel  and  Pcrsst>n  |I978|.  Lee  fl97lj.  Mendoza  and 
John  .on  |!9b5l.  Hayes  il97H|.  Ridguay.  Joyce,  White  and  Wing  11980). 


Spt 

U-V 

B-V 

V-R 

V-I 

V-J 

V-H 

V-K 

mm 

V-M 

V-N 

BC 

■fil 

G.S 

1  ..‘i.'l 

0.92 

0.69 

1.17 

1.52 

2.08 

2.18 

2.02 

2.05 

’ 

G« 

1.64 

0.94 

0.70 

1.18 

1.56 

2.18 

2.27 

2.09 

2.12 

49.10 

KO 

1.92 

1.04 

0.77 

1..10 

1.71 

2.11 

2.47 

2.23 

2.28 

-0.42 

4790 

Kl 

2.1.1 

1.10 

0.81 

1..17 

1.80 

2.48 

2.61 

2..16 

2.. 19 

-0.48 

4610 

K2 

2.12 

,1.16 

0.84 

1.42 

1.87 

2.64 

l.Ti 

2.45  , 

2.48 

-0.51 

44.10 

K.1 

2.74 

1..10 

0.96 

1.61 

2.12 

2.94 

1.07 

2.75 

2.80 

-0.60 

4270 

K4 

1.07 

1.41 

1.06 

1.81 

2.16 

1.25 

3..19 

3.05 

3.11 

-0.90 

409.1 

K5 

,1..14 

l..‘i4 

1.20 

2.10 

2.71 

1.67 

3.81 

3.47 

3..14 

-1.19 

3980 

MO 

1.42 

1..16 

1.24 

2.14' 

2.77 

1:74 

1.89 

,  3.59 

1.65 

-  1.28 

1895 

Ml 

1.48 

1.-18 

1.29 

2.24 

2.89 

1:57 

1.90 

4.06 

1.72 

3.78 

-  1  ..16 

.1810 

M2 

1..S2 

1.61 

I..17 

■  2.4.1 

1.12 

1.72 

4.16 

4.11 

1.91 

1.97 

-1..12 

.1710 

M.^ 

1.46 

1.62 

1..12 

2.82 

1.51 

1.96 

4.61 

4.81 

4.. 19 

4.45 

-  1.91 

1640 

M4 

1.29 

I.6.-’ 

1.79 

1..18 

4.19 

4..19 

5..14 

5..14 

5.10 

5.14 

-  2.. 15 

3.160 

M.'l 

1.04 

1.8.1 

2.11 

4.06 

4.96 

5.07 

6.20 

6.44 

6.00 

6.00 

-1..14 

1420 

iyi6 

4.1.1 

1.70 

2.70 

4.90 

5.90 

5.90 

7.20 

7.. 10 

-4.26 

1250 

M7 

1.80 

1.9.1 

7.00 

8.. 10 

6.87 

9.85 

10. 18 

-7.7 

M« 

G91 

4.9.1 

8.51 

10.25 

11.92 

12.60 

-8.6 

M‘) 

2. .11 

.1.9.1 

10.02 

12.20 

14.05 

14.88 

-  10.8 

I  »eurc  2'*  ^  Intr.jrv,!  Njs-v  «'l  \l  si.ifv  »!hivtf.iiine  ihi’  r.inec  l  irorc  25  *  Intr.ircd  sp<\!rv'pt»»>it»mctr\  ot  c.irKm  ^!lllv^r.l!lne  the 

nt  «‘l  !lic  '»il«4,.jic  fc.'ture  m  vircinnsJcM.if  cn-  r.mci.’  «*l  vKpihs  hi  the  chv  HHvfvlIar  cnNc1t»jvs  as- 

‘Ncs  .jrnl  Mem!!.  mki  :lcit  with  thc'v  obK*c!>  !Ncn  .hkI  Merrill. 
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X(pM) 


Fijjua*  Spevrroph«»tonH.*(r>  t>h|tfclN  w  iih  band  emission  tn>m  dusi 

NCiC  7027  I',  idcniiiied  as  a  pianetan  nebula:  AK'd.  is 
a  disk  ohfcci  and  AKil.  3053  is  a  sogfve  inside  the  Hll 
rvpon  Sharpless  154  (Nes  and  Mcmil.  I4K0I. 


drogenated  carKin  grains  heated  by  UV  photons  (Lcgcrand 
Puget.  IW4|.  These  bands  are  present  in  the  spectra  of  a 
variety  of  objects  including  compact  and  diffuse  Hll  regions 
and  the  nuclei  of  active  galaxies. 

The  d.7  p,m  silicate  band  is  not  present  in  the  spectra 
of  planetary  nebulae  This  is  consistent  with  the  observed 
CO  abundance  ratio  in  planetaries  being  much  greater  than 
unity  The  condensates  forming  the  dust  arc  expected  to  be 
SIC  and  graphite,  or  possibly  amoqihous  carbon. 

Wolf-Rayet  stars  in  the  carbon  sequence  typically  show- 
broad  continua  due  to  heat.  dust,  and  free-free  emission  of 
thermal  electrons  in  th.’ir  circumstcllar  envelopes. 

Objects  such  as  Gl.  ^I.>  Gee  Figure  25-Sl  exhibit  disc- 
shaped  geometry,  that  is  the  eircumstellar  dust  is  conlined 
to  a  plane.  They  are  bright  infrared  sources  but  the  visual 
properties  of  the  exciting  star  depend  on  the  geometry  of 
the  observation  Gl  -MS  and  26XS  are  infrared  sources  -with 
the  ceniral  star  obscured  by  the  disk  of  dust  Optical  ob¬ 
servation  of  (il.  26XX  nebulosity  above  and  below  the  dust 
lane  show  a  highly  reddened  spectrum  of  an  F.^-la  star.  fil. 
‘Jl.'v  is  seen  more  nearly  pole  on  iiui  ihe  spectra  <d  the  B‘MI 
III  star  can  be  measured  dirsvtlv 


--  --  e  --  •*  '  ■*  •“  -n.  •r-., 


25.3. 1 .7  Luminous  Stars  with  Infrared  Excesses.  Low 

excitation  emission-line  objects,  hot  supergiants  and  other 
types  of  stars  earlier  than  M  are  included  in  this  category. 
Be  stars  with  T  1 .1 000  K  often  show  an  excess  of  infrared 
due  to  free-free  emission  in  a  hot  (T  S'  10  000  K)  circum- 
stellar  plasma  shell  IGehrz  et  al..  1974).  The  infrared  ex¬ 
cess.  in  general,  decreases  at  the  later  spectral  types.  An 
optically  thin  dust  shell  enhances  the  infrared  emission  anvund 
.some  hot  supergiants.  The  shell  condenses  from  the  mass 
lost  by  the  star. 

25.3.2  Gas  and  Dust 

The  galactic  gas  and  dust  is  confined  to  the  galactic 
plane  with  a  thickness  of  about  200  parsecs.  The  distribution 
is.  patchy,  with  concentrations  of  matter  in  interstellar  and 
molecular  clouds  The  interstellar  gas  is  comptvsed  primarily 
of  hydrogen,  which  is  detected  by  the  21  cm  emission  in 
the  hyperfine  structure  of  neutral  atomic  hydrogen.  The  gas 
clouds  tend  to  be  along  the  spiral  arms  of  the  galaxy  and 
mapping  at  21  cm  is  used  to  define  this  structure.  A  number 
of  other  elements  in  the  interstellar  gas  are  observed  by  their 
atomic  lines  in  the  visual  and  ultraviolet  and  molecular  lines 
in  the  radio  region. 

Dust  is  mixed  with  the  interstellar  gas.  The  dust,  may 
be  com,Hvsed  of  bare  graphite  grains  plus  grains  of  silicates 
and/or  iitvn  with  water  ice  mantles.  In  some  of  the  denser 
clouds,  water  ice  absorption  at  .4.07  p.m  and  the  silicate 
feature  at  9.7  p.m  has  been  observed.  The  interstellar  ab¬ 
sorption  of  starlight  is  almost  entirely  due  to  dust. 

25.3.2.1  Interstellar  Extinction.  In  Section  25. 1  .4  it  was 
seen  that  the  interstellar  absorption,  in  magnitudes,  was 
required  to  relate  the  observed  apparent  magnitude  of  a  star 
to  its  absolute  magnitude.  From  Table  25-9.  the  ami’unt  of 
absorption  depends  on, the  wavelength,  in  general  decreasing 
with  wavelength.  This  wavelength  dependence  is  called  in- 


TaW«?  25-4  Avcracc  iniciMcIlur  ahvFrption.  in  maBnituJev.  normalized 
to  (ho  mnujI  Mith  .A,  -•  ID  Data  trom  Ji>hnMm  I  !46M|  and 
Booklin  ot  ai  1 147Xj 


At  pm) 

A.  A. 

At  pm) 

'  A./A. 

0  .465  (U) 

I..58 

1  65  (H) 

0  16 

0  4 

1.45 

2.22  (K) 

009 

0.44  (B) 

1  42 

4  5  II.) 

005 

0  5 

1  14 

4.8  (M) 

0  04 

0.55.4  (V) 

1  m 

8  7 

006 

0.67 

0  67 

9  5 

0  14 

0  9  (1) 

0  46  , 

112 

0.09 

1.0 

0  4« 

125 

0.04 

1.25  (J) 

0  26 

20  0  (G) 

004 

C\»lt‘rs  tnun  Table 
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terstellar  reddening;  a  star  will  appear  redder  than  it  is  due 
to  the  interstellar  absorption. 

Near  the  sun  the  average  out  of  the  plane  extinction  is 
IMilne  and  Aller,  1980| 

C  =  k.,'w(l  -  e  '''""'I  "I  cosec  |b|  (25.12) 

b  =  galactic  latitude. 

k.,  =  1.75  visual  magnitudes  per  kiloparsec, 
r  =  radial  distance  from  the  sun.  and 
w  =  scale  height  of  absorbing  material 

=  0.119  kpc  b>0° 

0.086  kpc  b  <  0°. 

Large  scale  extinction  in  the  galaxy  can  be  estimated 
from  the  observed  gas  distribution  and  the  fact  that  inter¬ 
stellar  reddening  is  correlated  with  (he  total  column  density 
of  hydrogen  ISavage  and  .Mathis.  1979]. 

25.3.2.2  HII  Regioas.  An  Hll  region  is  an  optically  bright 
gaseous  nebula  excited  by  an  O  or  early  B  type  star  or  a 
cluster  of  such  stars  (T^.  >  15  fKX)  K).  The  stellar  ultraviolet 
radiation  photoionizes  the  surrounding  gas;  hydrogen  is  al¬ 
most  completely  ionized,  helium  predoniinately  singly  ion¬ 
ized.  and  other  elements  singly  or  doubly  ionized.  The  ion¬ 
ized  electrons  are  collisionally  thermalized  to  a  kinetic 
temperature  of  about  10  (KX)  K.  Recombination  of  the  ther¬ 
mal  electrons  and  ions  produces  emission  line  spectra  in¬ 
cluding  forbidden  lines. 

Compact  Hll  regions  are  the  smallest  gaseous  nebulae 
and  are  considered  to  be  young  objects.  Diffuse  HII  regions 
arc  an  order  to  magnitude  larger  in  size  than  the  compact 
Hll  regions  and  considerably  more  ratified.  Extended  Hll 
regions  are  very  large  and  have  low  density;  they  overlap 
to  a  considerable  degree  forming  a  hot.  tenuous  plasma  in 
the  galactic  plane.  All  of  these  objects  emit  copious  infrared 
radiation.  .A  major  fraction  of  the  ultraviolet  luminosity  of 
these  sources  is  absorbed  by  the  dust  in  and  around  the  HII 
region  and  then  is  converted  into  the  infrared.  Generally, 
the  infrared  intensity  peaks  at  about  70  p.m  but  spectral 
distribution  is  broader  than  dust  emitting  at  a  single  tem¬ 
perature.  The  dust  and  gas  arc  well  mixed  as  (he  radio  Ilux 
from  free-free  emission  from  the  ionized  Hll  region  cor¬ 
relates  with  the  reradiated  II  gon  Hux.  Hll  regions  are 
among  the  strongest  infrared  sourecs  in  the  galaxy  at  wave¬ 
lengths  longer  than  10  gim. 

25..^.3..1  Molecular  Clouds.  Molecular  clouds  aa'  dense. 
ciH>l  clouds  of  interstellar  gas  and  dust  in  which  a  number 
ot  molecular  lines  have  been  detected.  The  clouds  may  be 
divided  into  those  which  have  a  peak  gas  temperature  mea¬ 
sured  hy  CO  emission  of  l\  20  K  throughout  the  region 


and  those  which  are  warmer.  The  second  group  (Tj,  >  20  K) 
require  additional  heat  sources  to  explain  the  observed  tem¬ 
perature.  the  first  does  not.  The  second  group  also  has  evi¬ 
dence  of  recent  star  formation  such  as  compact  Hll  regions 
and  infrared  sources. 

Typical  spectra  for  infrared  sources  in  molecular  clouds 
show  red  continua  with  strong  ice  and  silicate  absorption 
as  seen  in  Figure  25-9.  The  emission  of  the  cloud  as  a  whole 
is  characteristic  of  a  much  cooler  temperatu  e.  peaking  near 
l(X)  gim. 


l-isun-  2-S  V  Spcclri>pht>iiimilrv  of  source  in  nH’lecular  clouds  The  prom- 
incnl  fcalurcs  arc  ■ice  "  al  .VI.S  (im  and  the  10  (am  silicate 
ahsorplion  |Nev  and  Merrill.  IVKO) 

25.4  EXTRAGaLACTIC  OBJECT  .S 

Galaxies  arc  usually  classified  according  to  morphology . 
Ellipticals  arc  elliptical  in  shape  and  arranged  in  a  sequence 
of  apjsarent  ellipticity .  from  ciaailar  to  most  elongated  Spi¬ 
ral  galaxies  are  in  a  sequence  according  to  the  relative  sizes 
of  the  nuclear  bulge  and  disk  and  details  of  the  spiral  struc¬ 
ture  in  the  disk.  Early  spiral  galaxies  have  a  large  nuclear 
bulge  and  a  small  disk  v>  ith  tightly  wound  spiral  amis.  As 
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the  classification  scheme  advances,  the  bulge  decreases.' the 
disk  increases,  and  the  arms  open.  At  the  end  of  this  se¬ 
quence  arc  the  irregular  galaxies  with  little  or  no  central 
condensation  and  little  or  no  order  to  the  disk. 

Apart  from  this  standard  classification  there  arc  galaxies 
that  are  more  condensed  than  norma!  systems.  These  oojects 
can  be  classified  along  a  continuum  as  to  degree  of  com¬ 
pactness.  the  open  Seyfert  galaxies  at  one  end  and  quasi- 
stcllar  objects  (Q.SOs)  at  the  other.  The  .Seyferts  are  almost 
normal  galaxies  with  an  intensely  bright  and  compact  core. 
By  definition  QSO  appear  stellar  on  photographs  on  a  plate 
scale  used  for  surveys. 

Infrared  emission  is  a  general  feature  in  the  nuclei  of 
Seyfert  galaxies.  The  infrared  liux  accounts  for  most  of  the 
total  luminosity  for  many  of  these  galaxies,  and  a  significant 
portion  of  the  QSO  and  BL  Lac  objects  are  intrinsically 
bright  in  the  infrared.  The  emission  from  these  objects  can 
in  geneial  be  represented  by  a  power  law  through  the  visual 
and  well  into  the  infrared.  This  indicates  a  non-thcrmal 
cause,  possibly  noncoherent  synchrotron  emission,  for  these 
sources. 

An  unbiased  infrared  survey  |dc  Jong  et  al..  1984)  found 
that  most  of  the  infrared  emission  from  galaxies  is  longward 
of  50  |jLm.  The  infrared  emission  is  strongly  correlated  with 
the  type  of  galaxy.  Kllipfical  galaxies  and  lenticulars  (.SO) 
have  little  or  no  infrared  emission  in  excess  of  the  normal 
stellar  comp<inent  The  infrared  excess  increases  with  ad¬ 
vancing  galactic  type,  with  late  type  spirals  emitting  as  much 
as  five  times  more  infrared  than  visual  energy.  An  infrared 
to  visual  cnergv  ratio  as  large  as  .SO  has  been  found  for 
some  optically  faint  unidentified  galaxies  |,Soiferctal..'l984|. 
The  more  infrared  luminous  galaxies  tend  to  he  v-armer 
(Tm  -  50  K)  than  weak  infrared  galaxies  (Tik  ~  25  K). 


25.5  THE  INFRARED  CELESTIAL 
BACKGROUND 

The  infrared  celestial  background  can  be  divided  into 
three  physical  structures  -  the  diffuse  /odical  emission,  the' 
sources  in  our  galaxy,  and  external  galaxies  The  rclatixe 
impi'rlance  of  these  constituents  depend  >  on  the  w  avciength. 
Currently,  the  ohserxational  data  base  is  reasonably  com¬ 
plete  to  a  magnitude  M(M  4-4  5  over  the  spccll'al  region 
from  2  ft)  Jim. 


25.5.1  2-8nm 

l  ate  type  giant  stars  dominate  the  background  al  these  ' 
w.ixeicngths  fhe  /oiliacal  backiround  is  at  a  niinirnum 
being  in  the  spectral  crossover  region  between  rcfiected 
sunlight  anv!  Ihermai  cniissi<in  I  here  are  about  73lHI  stars 
brighter  thaii  m  (2  2  (xnii  '  5  in  the  sky  and  roughly 


26  000  objects  brighter  than  m  (2.2  p,m)gs  4  (Hughes. 
I970|.  Al  m  (2.2  gim)  =  4  a  typical  M  giant  can  be  seen 
to  a  distance  of  about  I  kpc  and  a  late  K  giant  star  out  to 
0.4  kpc.  These  distances  exceed  the  0.3  kpc  scale  height 
of  the  galactic  disk.  Thus,  the  concentration  of  stars  to  the 
galactic  plane  increases  as  the  limiting  magnitude  is  in¬ 
creased  as  most  of  the  brighter  giants  have  been  delected 
toward  the  galactic  poles  by  m  (2.2  p.m)  «  4.  The  contrast 
in  areal  densities  in  the  galactic  plane  within  30°  of  the 
center  and  the  pole  is  aboi  t  6  for  m  (2.2  (im)  <  3  and  100 
for  m  (2.2  p.m)  <  6.8. 

For  a  field  of  view  larger  than  I  p.sr  the  large  stellar 
density  near  the  galactic  plane  produces  a  diffuse  back^ 
ground  due  to  the  aggregate  of  all  the  stars  along  the  line 
of  sight.  This  background  is  almost  constant  out  to  .30°  from 
the  center  at  6  x  10  "’Wem  -|jim  'sr  '  at  2.4  pm  and 
1.5  X  10  Wem  -  pm  'sr  '  at  4.2  pm.  The  brightness . 
falls  off  almost  exptmenlially  at  greater  latitudes.  The  lat¬ 
itudinal  cross  section  of  this  emission  is  almost  gaussian 
with  a  full  width  at  half  maximum  of  3?5  at  2.4  pm  and 
2?5  at  4.2  pm. 

The  stellar  source  counts  to  reasonably  faint  levels 
(M  ^  9)  in  the  2-5  pm  spectral  region  can  be  modeled  by 
a  disk  distribution  of  stars  (Elias.  I973'  Jones  et  al..  1981 1 
with  components  divided  by  spectral  and  luminousity  clas.ses. 
This  mtxJel  has  the  density  of  the  i'"  component  at  R  kpc 
from  the  sun  in  the  ( I .  b)  direction  varying  exponentially 
with  an  in  plane  distance,  x.  from  the  galactic  center  with 
a'  scale  height  of  2.5  kpc  and  perpendicular  to  the  plane. 
Izl.  with  a  scale  height  Z,.  Normalized  to  the  solar  neigh- 
borhixvd.  the  density  is 

p,  =  exp  1(8.5 -x)/2.5-|z|/Zi| 
r  =  (X-  +  z-)'  •’ 

=  the  galacto-centric  distance  of  a  point 
(R.  ! .  b.)  from  the  sun 

=  R  sin  b 

X-  =  8.5’  +  R-  cos-b-17  R  cos  b  cos  I 

the  sun  is  8.5  kpc  from  the  galactic  center. 

The  luminosity  function  (No.  of  stars  kpc  'mag  ')  of 
the  giant  and  supergiani  stars  is  assumed  to  be  gaussian 

N  _ 

6,  (M)  =  — — J-T"  exp  I  -(M  -  M,)'2(ri’| 

(.'iTl'  -IT 

N,  =  source  density  of  the  i''’  component  in  the  solar 
neighNirhiHKl 

M.  -  mean  absolute  magnituile  cimiponent 

<T,  dispersion  in  absolute  magnitude  •-■omponent 
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Values  for  these  parameters  lElias.  1978;  Jones  etal..  19811 
arc 


Spectral 

Class 

M, 

(mag) 

<Ti 

(mag) 

log  (Nj) 

(No.  stars  kpc"') 

Zi 

(kpc) 

F8-G2  III 

0.45 

1.0 

4.65 

0.50 

G5  HI 

-0.08 

1.0 

4.65 

0.50 

G8  111 

-0.56 

0.8 

5.20 

0.25 

K0,1  111 

-0.80 

0.7 

5.23 

0.30 

K2.3  III 

-  1.66 

0.7 

5.23 

0.30 

K4,5  111 

-3.36 

0.6 

4.28 

0.30 

MO  III 

-4.16 

0.6 

3.48 

0.30 

Ml  111 

-4.40 

0.6 

3.13 

0.30 

M2  111 

-4.76 

0.6 

3.13 

0.30 

M3  III 

-5.23 

0.6 

3.13 

0.30 

M4  III 

-6.04 

0.6 

3.00 

0.30 

M5  III 

-6.90 

0.5 

3.00 

0.30 

M6  111 

-7.90 

0.5 

2.45 

0.30 

M7  111 

-8.90 

0.5 

2.09 

0.30 

M8-i-lll 

-9.90 

0.5 

1.65 

0.30 

A-G  I  II 

-7.00 

2.0 

1.53 

0.5 

K-M2  1-11 

-9.50 

1.0 

1.49 

0.5 

M3-M4  1-11 

-11.00 

1.0 

I.IO 

0.5 

Dwarf  stars  (after  Mamon  and  Soneira,  1982] 

*=  0  M  <  -  10 

<t)j  =  10"  *  lO'*'”'^  11  +  -  10  «  M  9 

.=  3  X  10-’exp(-(M/9)-i  MS9 

with  Zj  =  0.09  kpc  Ms  1.5 

0.325  kpc  M  >  3.5 

and  linear  interpolation  between. 

The  number  of  stars  brighter  than  apparent  magnitude 
r.i  in  solid  angle  do)  in  the  ( 1  .b)  direction  is 

N(m,l  .b)dc«)  =  do)  J  dm' J  R"I2  Pi(r,M)<J>i(M)ldR 


M  =  m  -  5  logio  (R)  -  A(R)  -  10. 


(25.13) 


The  interstellar  extinction  A(R)  is  given  by  (see  also  Equa¬ 
tion  (25.11)) 

8  A(R)/8R  =  0.07(2.2/X)"exp  1(8.5  -  x)/3.7-  |z|/0.ll. 

The  in  plane  scale  height  of  the  dust  is  3.7  kpc  and  the 
exponential  thickness  is  0.2  kpc. 


Table  25-10.  Number  of  sources  per  square  degree  brighter  than  a  given  magnitude  (from  the  model  in  Section  25.5). 


Mag/(  1  .b) 

(0.0) 

(20,0) 

(60.0) 

(180,00) 

(30,0)  , 

pole  , 

1 

0.2 

0.2 

2.2  |i.m 

0.2 

0.1 

0.01 

0.008 

2' 

1.2 

1.1 

0.7 

0.2 

0.1 

0.03 

3 

4.4 

4.4 

2.3 

0.6 

0.2 

0.07 

4 

14.2 

14.5 

,6.7 

1.6 

0.5 

0.2 

5 

42.4 

42.7 

17.9 

4.0 

1.2 

0.5 

6 

122.7 

116.3 

45.9 

9.9 

2.9 

1.1 

7 

359.3 

297.7 

113.4 

24.6 

7.1 

2.4 

8 

975.1 

730.0 

274.7 

61.8 

16.0 

4.8 

9 

2489.5 

1750.1 

670.0 

156.9 

33.3 

9.6 

10 

6339.0 

4238.4 

1688.0 
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The  emission  observed  at  2.4  (jim  from  the  stellar  com¬ 
ponent  for  the  nuclear  bulge  has  been  mrxleled  |  Martiara  et 
al.,  1978]  as 

l(r).6.2x  lO- .  .  kpcSEt^ 

■^Ir  +  0.14^) 

with 

r  =  X-  +  (z/().52)’  '  ^  (25.14) 

Source  counts  predicted  by  this  model  are  given  in  Table ' 
25-10. 


25.5.2  8-jO  |i.m 

The  thermal  emission  from  the  zodiacal  dust,  the  aster¬ 
oids.  ..nd  most  planets  peak  in  this  spectral  region.  The 
asteroids  and  planets  without  atmospheres  have  grey  body 
spectral  energy  distributions  with  equilibrium  temperatures 
characterized  by  their  distance  from  the  sun  (S*  ction  25.2). 
The  zodiacal  emission  (I'/ection  25.2.4)  is  the  brightest  com¬ 
ponent  of  the  diffuse  background. 


The  brightest  classes  of  galactic  objects  at  these  wave¬ 
lengths  are  stars  embedded  in  circumstellar  dust  shells  and 
compact  HII  regions.  These  objects  absorb  the  visual  and 
ultraviolet  emission  of  the  embedded  stars  and  reradiated 
the  energy  in  the  infrared.  These  objects  are  intrinsically 
very  luminous  and  are  detectable  over  large  distances.  As 
a  class  the  circumstellar  dust  shell  source  has  a  mean  ab¬ 
solute  1 1  p.m  magnitude  of  -  12,  a  one  magnitude  disper¬ 
sion  about  the  mean,  a  density  of  90  sources  per  kpc'  in 
the  polar  neighborhood  and  a  perpendicular  scale  height  of 
300  pc  (Grasdalen  et  al.,  I983I.  A  400  K  color  temperate 
for  the  emission  provide  rea.sonable  extrapolation  to  other 
wavelengths. 

The  HI!  regions  can  be  characterized  by  a  mean  absolute 
II  )t.m  magnitude  of  -  18.  i  2.0  magnitude  dispersion,  a 
density  of  10  sources  per  kpc’  in  the  solar  neighborhood. 

There  are  about  350  0(X)  stars  brighter  than  4.5  mag¬ 
nitudes  in  the  8-30  )jim  region.  The  source  density  at  this 
magnitude  limit  out  of  the  galactic  plane  is  about  I  star  per 
square  degree.  About  half  of  these  objects  are  identified 
with  stars  in  various  catalogs  most  of  which  have  K  and  M 
.spectral  classifications  [Rowan-Robin.son  et  al.,  1984]. 

The  predicted  source  counts  based  on  the  model  in  the 
previous  section  and  including  HI!  regions  and  star  with 
circumstellar  dust  shells  are  given  in  Table  25-10. 
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APPENDIX 

UNITS,  CONSTANTS,  AND  CONVERSION  FACTORS 


THE  INTERNATIONAL  SYSTEM  OF  UNITS  (SI)' 


Tabic  A-l.  SI  base  units. 


Name 

Symbol 

Oeltnition 

meter 

m 

"The  meter  is  the  length  equal  to  1  650 .63.73  wavelengths  in  vacuum  of  the  radiation  corresponding  to  the 
transition  between  the  levels  2p,o  and  of  the  krypton-86  atom." 

Icilogram 

kg 

"The  kilogram  is  the  unit  of  mass;  it  is  equal  to  the  mass  of  the  international  prototype  of  the  kilogram  (a  cylin¬ 
der  of  platinum-iridium]." 

secortd 

S 

"The  second  is  the  duration  of  9  1 92  631  770  periods  of  the  radiation  corresponding  to  the  transition  between 
the  two  hyperfine  levels  of  the  ground  state  of  the  cesium- 133  atom." 

ampere 

A 

"The  ampe'e  is  the  constant  current  which,  if  maintained  in  two  straight  parallel  conductors  of  infinite  length,  of 
negligible  circular  cross  section,  and  placed  1  meter  apart  in  vacuum,  would  produce  between  these  conductors 
a  force  equal  to  2 X  to  '  newton  per  meter  of  length." 

Itelsnn 

K 

"The  kelvin  is  the  fraction  1/273.16  of  the  thermodynamic  temperature  of  the  triple  point  of  water."  The  "de¬ 
gree  Celsius"  is  defined  by  the  tqua'  on  t  =  T  -  T^,  where  T  is  the  thermodynamic  temperature  in  kelvins  and 
To  =  273.15  K. 

mole 

mol 

"The  mole  is  the  amount  of  substance  of  a  system  which  contains  as  many  elementary  entities  as  there  are 
atoms  in  0.012  kilogram  of  carbon  12." 

candela 

cd 

"The  candela  is  the  luminous  intensity,  in  a  given  direction,  of  a  source  that  emits  monochromatic  radiation  of 
frequency  540  v  10”  hertz  and  that  has  a  radiant  intensity  in  that  direction  of  1/683  watt  per  steradian." 

Table  A-2.  si  Jerived  units. 


Symbol 

Name  (dimensions)  Definition  Value  in  cgs  units* 


Absorbed  dose 

Gy 

(m  s  ’) 

The  gray  is  the  absorbed  dose  when  the  energy  per 
unit  mass  imparted  to  matter  by  ionizing  radiation 

IS  one  joule  per  kilogram  (The  gray  Is  also  used 
tor  the  ionizing  radiation  quantities:  specific  energy 
ii".parted,  kerma,  and  absorbed  dose  index,  which 
have  the  SI  unit  joule  per  kilogram.)  1  rad  =  10  '  Gy. 

10*  ergs/gm 

Activity 

Bq 
(s  ') 

The  bequere!  is  the  activity  of  a  radionuclide 
decaying  at  the  rate  of  one  spontaneous  nuclear 
trar.sition  per  second.  1  Ci  (curie)  =  3.7 x  I0’°  3q. 

1  sec  ’ 

Dose  equivalent 

Sv 

(m’  s 

The  s/evert  is  the  dose  eq.ivalent  when  me  absorbed 
dose  of  ionizing  radiation  multiplied  by  the  dimen- 
sionless  factors  0  (quality  factor)  and  /V  vproduct 
of  any  other  multip  /ing'  factors)  stipulated  by  the 
International  Commission  on  Radiological  Projection 

IS  one  joule  per  kilogram. 

10*  ergs/gm 

Electric  rapacitancn 

F 

(m  ^  kg  ’  s'  A^) 

The  farad  is  the  capacitance  of  a  capacitor  between 
the  plates  of  which  there  appears  a  difference  of 
potential  of  one  volt  when  it  is  charged  by  a 
quantity  of  electricity  equal  to  one  coulomb. 

8.988x10"  esu 

Electric  conductance 

S 

(m  '  kg  '•S'''  A'; 

The  siemens  is  the  electric  conductance  pf  a  conduct¬ 
or  in  which  a  current  of  one  ampere  is  produced  by 
an  electric  potential  difference  of  one  volt. 

8.988  X 10"  esu 
(cm/sec) 

i  f  rnin  f'/n  wi  1  I  («/<■  Mci  iini.  edited  by  H  I..  .Anderson.  .Anwrican  Institute  of  Physics.  Ness  York.  i'fXI. 
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Name 

Symbol 

(dimensions) 

Definition 

Value  in  cgs  units  * 

Electric  inductance 

H 

(m*-kg-s  *-A  ®) 

The  henry  is  the  inductance  of  a  closed  circuit 
in  which  an  electromotive  force  of  one  volt  is 
produced  when  the  electric  current  in  the  circuit 
varies  uniformly  at  a  rate  of  one  ampere  per  second. 

10*  emu 
(cm) 

Electric  potential 
difference,  electro¬ 
motive 

V 

(m’  kg-s  ’  A  ') 

The  vott  (unit  of  electric  potential  difference  and 
electromotive  force)  is  the  difference  of  electric 
potential  between  two  points  of  a  conductor  carry¬ 
ing  a  constant  current  of  oric  ampere,  when  the  power 
dissipated  between  these  points  is  equal  to  one  watt. 

(1/2.998)x10  *e8u 
(cm''*-gm''®.sec  ') 

Electric  resistance 

tl 

(m’  kg-s  ^  A  ’) 

The  ohm  is  the  electric  resistance  between  two  points 
of  a  conductor  wnen  a  constant  difference  of  poten¬ 
tial  of  one  volt,  applied  between  these  two  points, 
produces  m  this  conductor  a  current  of  one  ampere, 
this  conductor  not  being  the  source  of  any  electro¬ 
motive  force. 

(1/8.988)x10  "  esu 
(cm  ’-sec) 

Energy 

J 

(m*-kg  s 

The  ioule  is  the  work  done  when  the  point  of  appli¬ 
cation  of  a  force  of  one  newton  is  displaced  a 
distance  of  one  meter  in  the  direction  of  the  force. 

10'  ergs 
(cm'-gm-sec  *) 

Force 

N 

(m  kg  s  ’) 

The  newton  is  that  force  which,  when  apptied  to  a 
body  having  a  mass  of  one  kilogram,  gives  it  an 
acceleration  of  one  meter  per  second  squared. 

10*  dyn 
(cm-gm-sec  ^ 

Frequency 

Hz 
(8  ') 

The  hertz  is  the  frequency  of  a  periodic  phenomenon 
of  which  the  period  is  one  second. 

cycles/sec 
(sec  ') 

Illuminance 

lx 

(cd-sr-m 

The  tux  is  the  illuminance  produced  by  a  luminous 
flux  of  one  lumen  uniformly  distributed  over  a 
surface  of  one  square  meter. 

Luminous  flux 

Im 

tcdsr) 

The  lumen  is  the  luminous  flux  emitted  in  a  solid 
angle  of  one  steradian  by  a  point  source  having 
a  uniform  intensity  of  one  candela. 

Magnetic  flux 

Wb 

(m^  kgs  *  A  ') 

The  weber  is  the  magnetic  flux  which,  linking  a 
circuit  of  one  turn,  produces  in  it  an  electro¬ 
motive  force  of  one  volt  as  it  is  reduced  to  zero 
at  a  uniform  rate  in  one  second. 

10*,  Mx 

(cm*"gm’'*soc  ') 

Magnetic  flux  dens.ty 

T 

(kg  s  ’  A  ') 

The  tesla  is  the  magnetic  flux  density  given  by  a 
magnetic  flux  of  one  weber  per  square  meter. 

10*  Gs 

(cm  ’"gm’".sec  ’) 

Power 

W 

(m'  kg  s  ’) 

The  watt  is  the  power  which  gives  rise  to  the  pro¬ 
duction  of  energy  at  the  rate  of  one  pule  per  second. 

10'  ergs/sec 
(cm’.gm  sec  ') 

Pressure  or  stress 

Pa 

(m  '  kg  s  ') 

The  pascal  is  the  pressure  or  stress  of  one  newton 
per  square  meter. 

10  dyn/cm’ 

(cm  ’.gm  sec  ') 

Quantity  of  electncity 

C 

The  coulomb  is  the  quantity  cf  electricity  trans- 
.  ported  in  one  second  by  a  current  of  one  ampere. 

2.998x10*  esu 
(cm*".gm'"sec  ') 

•For  more  precise  work  use  2  997  924  58  for  2  998  and  8  987  551  79  lor  8  988. 
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Factor 

Prefix 

Symbol 

Factor 

Prefix 

Symbol 

10'* 

exa 

E 

10  ’ 

deci 

d 

10'* 

peta 

P 

10  ' 

centi 

c 

10’' 

tera 

T 

10  * 

milli 

m 

10* 

giga 

G 

10  * 

micro 

10* 

mega 

M 

10  * 

nano 

n 

10* 

kilo 

k 

10  ’' 

pico 

p 

10' 

hecto 

h 

10  '* 

femto 

f 

10’ 

deka 

da 

10  ’* 

atto 

a 

I'uhlc  A-4.  Convorsion  to  SI  units. 


UNITS,  CONSTANTS,  AND  CONVERSION  FACTORS 


t.  Acceleration 


Th«  gal  is  a  special  unit  employed  in  geodesy  and  geophysics  to  express  the  acceleration  due  to  gravity 


1  tt/s* 

=  0,304M*  m/s’ 

1  gal 

^  0  010(»*  m/s’ 

Standard  gravity  (^ 

=  9.8067  m/s’ 

Sun's  surface 

=  274  0  m/s’ 

1  AU  from  Sun 

=  0.005931  m/s’ 

2.  Angle 

1  degree  (*) 

1  minute  0 

=  1.7453x10  ’rad 
=  2.9089x10  *rad 

1  second  (') 

=  4.8481  >  10  "  rad 

3.  Area 

The  darcy  is  a  unit  lor  measuring  the  permeability  of  porous  solids. 

1  acre 

=  4046.9  m’ 

1  in.’ 

=  6.4516*.  10  *  m’ 

1  are 

=  100  00*  m’ 

1  square  mile  (international) 

=-  2  5900 . 10' m’ 

1  bam  (b) 

=  1.0000*x10  ’•m’ 

1  square  mile  (statute)' 

=  2  590O  ■  to*  m’ 

1  circular  mil 

=  5.0671x10  "*m’ 

1  square  (building) 

=  9  2903  m’ 

1  darcy 

=  9.8692x10  ”m’ 

1  square  rod  (rd’).  square 

1  (t* 

=  0  092  903  m’ 

pole,  or  square  perch 

=  25.293  m’ 

1  hectare 

4.  Density 

«  10000*  m’ 

T  square  yard  (yd’) 

=  0  83613  m’ 

1  grain/gal  (U  S.  liquid) 

=  0.017118  kg/m* 

1  ton  (short)/yd* 

=  1186  6  kg/m’ 

1  oz  (avoirdupois)/in.^ 

=  1730.0  kg/m* 

(density  of  water  (4*0) 

=  P99.97  kg/m’ 

1  Ib/tt* 

=  16.018  kg/m*  ' 

Density  of  mercury  (0*0) 

=  13595  kg/m’ 

1  Ib/in/* 

=  27680  kg/m* 

Solar  mass/cubic  parsec 

=  6  770 . 10  *"  kg/m- 

1  Ib/gal  (U  S.  liquid) 

=  1 19  83  kq/m’ 

STP  gas  density  lor 

1  ton  (long)/yd^ 

=  1328.9  kg/m* 

molecular  weight  Vo 

=  0  044615Vo  kg/m’ 

5.  Eleetnaty  and  magnetism 

A  =  ampere,  C  =  coulomb,  F 

=  farad,  H  =  henry.  /}  =  ohm,  S  =  siemens.  V 

=  volt.  T  =  tesla,  Wb  =  weber,  *  =  exact 

;  value. 

1  abampere 

=  10.000*  A 

1  ohm  centimeter 

=  1  0000*  X  10  ’rt  m 

1  abcoulomb 

=  10.000*  C 

1  ohm  circular-mil  per  loot 

=  16624x10  *«  m 

1  ablarad 

=  1.0000*  X 10*  F 

1  statampere 

=  3.3356x10  ’°A 

1  abhenry 

=  1.6000*x10  “H 

1  statcoulomb 

=  3.3356x10  '“C 

1  abmho 

=  t.0000*x10»S 

1  statfarad 

=  1.1127x10  ”  F 

1  abohm 

=  1.0000*x10  •<? 

1  stathenry 

=  8.9876x10"  H 

1  abvolt 

=  1.0000*x10  •  V 

1  statmho 

=  1.1127X  10  ”  S 

1  ampere  hour 

=  3600*  C 

1  statohm 

=  8.9876x10"  a 

1  emu  ol  capacitance 

=  1.0000*x10*  F 

1  statvolt 

=  299  79  V 

t  emu  of  current 

=  10  000*  A 

1  unit  pole 

=  1.2566  x10  ’  Wb  ' 

1  emu  of  electric  potential 

=  10000*x10  •  V 

Potential  of  electron  at 

1  emu  of  inductance 

=  1  0000*xt0  ‘H 

1st  Bohr  orbit 

=  27.212  V 

1  emu  of  resistance 

=  1.0000*x10  •« 

Ionization  potential  from 

1  esu  of  capacitance 

=  1.1127x10  ”F 

1st  Bohr  orbit 

=  13  606  V 

1  esu  of  current 

=  3.3356x10  ’“A 

Nuclear  electric  field  at  1st 

1  esu  of  electnc  potential 

=  2  9979x10*7 

Bohr  orbit 

=  5.140x10"  V/m 

1  esu  of  inductance 

=  8  9876x10"  H 

Ourrent  in  1st  Bohr  orbit 

=  1.054x10  *  A 

1  esu  of  resistance 

=  8.9876x10"  O 

Dipole  moment  of  nucleus 

1  faraday  (based  on  ”C) 

=  9.6487x10*  C 

and  electron  m  1st  Bohr 

, 

.  1  faraday  (chemical) 

=  9.6496x10*0 

orbit 

=  0.8478x10  ’•Cm 

1  faraday  (physical) 

=  9  6522x10*0 

Magnetic  field,  atomic  unit 

=  1715  T 

1  gamma 

=  1.0000*  X 10  ‘T 

Field  at  nucleus  due  to 

1  gauss 

=  1.0000*x10  *T 

electron  in  1st  Bohr 

1  gilbert 

=  7.9577x10  '  A  (amp.  turns) 

orbit 

=  9.9551  y  10*  A/m 

1  maxwell 

=  1.0000*  X 10  ‘Wb 

Magnetic  moment,  atomic 

1  mho 

=  1.0000*  S 

unit 

=  2.542x10  ”  J/T 

1  oersted 

=  79  577  A/m 

Earth  magnetic  moment 

=  7.98x10"  J/T 

6.  Energy 


Btu  =  British  thermal  unit  (thermochemical),  1  Btu  (Intemahonal  Table)  =  1.000  67  Btu  (thermochemical):  cal  =  calorie  (thermochemical).  1 
cal  (International  Table)  =  1.000  67  cal  (thermochemical);  J  =  joule:  W  =  watt. 

1  Btu  =  10S4  4  J 

1  Btu  (mean)  =  1055.9  J 

1  Btu  (39T)  =  1059  7  J 


1  foot-poundal 
1  Kilowatt  hour  (kW  h) 
1  therm 


=  0  042140  J 
=  3.6000*  X  10*  J 
=  1.0551  X  10"J 
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1  Bhj  (60-F) 

=  1054  7  J 

1  ton  (nuclear  equivalent  of 

1  C8kXi« 

=  4  1840*  J 

TNT) 

-4.184x10*’  J 

1  cak)r«  (mean) 

=^4  1900  J 

1  watt  hour  (W-h) 

=  3600*  J 

1  calorie  ( 1  S^C) 

==  4  1858  J 

1  watt  second  (W-s) 

=  1.0000*  J 

1  calorie  (20*0) 

4  1819  J 

Energy  of  umt  wave 

1  kiiocaione 

=  4184  0*  J 

number  {he) 

=  1.9865x10  ”  J 

I  electron  volt  (eV) 

=  1  6022  -  10  '*4 

Mass  energy  of  unit 

1  erg 

=-  1  0000*  V  10  ’  J 

atomic  weight 

=  1  4924x10  '®J 

t  foot-pourtd  (It  Ibl) 

=  1  3558  J 

Note  1  quad  =  10’’  Btu 

1  quad  per  year  0  472  million  barrels  ol  oil  per  day  (1  barrel  -  42  gallons) 

-  t  trillion  cubic  feel  ol  gas  per  year 

^  44  4  million  tons  of  coal  per  year  (for  medium  heating  value  coal  at  22.5  Btu/ton) 

33  4  million  kilowatts  of  electricity 

-  293  billion  kilowatt-hours  ol  electricity  per  year  at  100%  efficiency 

=  95  2  btllioo  kilowatt-ho'jrs  of  electricity  per  year  at  32  5%  efficiency 

See  Chaps  10  00  (Energy  Demand)  and  11  00  (Eneigy  Supply). 

7  force 

' 

'l  dyne 

=  1  0000*  >10  'N 

1  Ibf/lb  (thrust/weight 

1  kilogram-torcc 

=  9  8067  N 

(mass)  ratio) 

=  9  8067  N 

1  poundal 

=  013825  N 

1  kip  (1000  Ibf) 

=  4448  2  N 

1  ton-force  (2000  IbO 

=  8856  4  N 

1  ounce-force 

=  0  27801  N 

Proton-electron  attraction 

1  pound-force  (Ibl) 

=  4  4482  N 

at  distance  Aq 

=  8.238  X  to  •  N 

S  frequency 

1  hertz  (Hz) 

=  1  cycle/s 

Frequency  ol  free  electron 

1  kayser 

=  3k10'®  Hz 

in  magnetic  ffeld  H 

=  2.7993  x10'°« 

Hz  T  ' 

Rydberg  frequency  {eft ,  ) 

=  3  2898  ■  10"  Hz 

Plasma  fiequency  associated 

Frequency  of  1  st  Bohr 

with  electron  density  N, 

=  8  979/v;  '  Hz 

orbit  {2cR ,  ) 

=  6  5797  x10"  Hz 

(A/,  in  m  ^ 

9  Heat 

Btu  British  thermal  unit  (thermochemical),  t  Btu  (International  Table) 

=  1  000  67  Btu  (thermochemical),  cal  = 

calorie  (thermochemical).  1 

ca'  (International  Table)  i  000  67  cal  (thermochemical).  J  =  (oule.  K 

kelvin.  W 

-  watl;  h  -  hour 

Thermal  conductivity  k 

■ 

t  Btuft/hfr'.T 

=  1  7296  W/m-K 

1  Btu  in  /s  ft^  T 

=  51887  W/m  K 

Thermal  conductarh,e  C 

1  Btu/hft^-F 

=  5  6745  W/m'  K 

Heat  capacity 

1  Btu/lb'F 

=  4184  0*  J/kg  K 

1  eal/s 

=  4 1840*  W 

1  caig'C 

=  4184  0*  J/kg-K 

Thermal  resistance  R 

Thermal  resistivity 

1  ’F  h.ft',  Btu 

0  176  23  K  m-’/ W 

1  'F  h  ft'  Btu  in 

-  6  9381  K  m/W 

1  do 

=  0  20037  K  m'/W 

TheffTial  diffusivity 

1  (t^.'h 

=  2.5806 . 10  '  m'/s 

to  Ler'gth 

1  angstrom  (A) 

=  1  0000*  -  10  m 

1  microinch 

=  2  5400*  .  10  "  m 

1  atomic  unit  {a^) 

=  0  529  18 .10  ’“m 

1  micron  ( ftm) 

=  1  0000*  -10  '  m 

1  astronomical  unit  (AU) 

=  1  4960  .  10”  m 

1  mil 

.  2  5400"  -  10  *■  m 

1  cable  s  length 

=  219  m 

1  mile  (int  nautical) 

=  1852  0*  m 

1  chain 

=  20  117  m 

t  mile  (U  S  nautical) 

=  1852  0’  m 

t  electron  radius  (r^) 

=  2  818  -10  "  m 

1  mile  (international) 

=  1609  3  m 

1  fathom 

=  1.8288  m 

1  mile  (U  S  statute) 

=  1609,3  m 

1  fermi  (femlometer)  (fm) 

=  1  0000*  .10  "  m 

1  parsec  (pc) 

=  3.0857  -  10’®  m 

1  foot  (ft) 

-  0  30480  ’  m 

1  pica  (printer's) 

=  4  2175  -  10  ’  m 

1  foot  (U  S  survey) 

--  0  30480  m 

1  point  (printer's) 

^  3  5146  .  10  *  m 

1  furlong 

=  201  17  m 

1  rod 

=  5  0292  m 

1  hand 

=  0  10160  m 

1  solar  radius  {R  ) 

=  6  960-'i0*m 

1  tnch  {m  ) 

=  0  02540"  m 

Wavelength  of  1-eV 

1  league  (land) 

=  4829  m  . 

photon  (he  eV) 

1  2399  -10  *  m 

UNITS,  CONSTANTS,  AND  CONVERSION  FACTORS 

Tabic  \-  4  tt  imniiiH’ih  _ 


1  light  year  (ly) 

1  link  (Gunther  *  Of 
surveyors') 

-  9,4606x10’*  m 

-0.20117  m 

1  X  unit 

1  yard 

-1.002x10  '*m 

-  0.91440*  m 

It  Light 

cd  candela,  im  =  lumen,  [1  lumen  « Ihix  from  (l/Mr)  cm*  ot  blackbody  at  2044KJ,  lx  =  lux. 

1  aimstilb  -  1  Im/m*  tor  pertectty  1  lambert 

drtlusing  surtace  1  lu«n«n  of  ma*imum-vi»- 

1  td/in  *  -  1550  0  ed/m»  Mity  radiation  (5550  A) 

tioot  canoie  -  10.764  h  !  !!*'*’ 

1  loot-lambert  ”  3  4263  cd/rn  1  pi'ot 

-  3183.1  cd/m* 

-  1.470x10  *W 
-10000*  cd/m* 

-X  10  000*  1* 

12  Mass 

1  etomic  urvt  (electron)  (m,) 

1  atomic  mass  unit 
(’'C  sca'e)  (amu) 
t  carat  (metric) 
t  dram,  apothecary 

1  dram,  avoirdupois 

1  gamma 
t  gram 

t  hundredweight 
(gross  Of  long) 
t  hundred  weight 
(net  or  short) 

1  kgl.s*/m 

-9  1095x10  ^•kg 

.  1.660  57x10  *’kg 

-  2  0000*  X 10  *kg 
« '18879x10  *kg 

-  1  7718x10  *kg 

-  10000*xl0  ‘kg 
-64799x10  *kg 

-  50  802  kg 

-45  359  kg 

-  9  6067  kg 

1  ounce  (avoirdupois) 

1  ounce  (troy  or  apothecary) 

1  pennyweight  (troy) 

1  pound  (#1  avoirdupoi*) 
t  pound  (troy  or  apothecary) 

1  quintai  (q) 

1  scruple 

1  slug 

t  ton  (assay) 

1  ton  (long.  2240  lb) 

1  ton  (short,  2000  lb) 

1  ton  (metric  ton) 

-2.8350x10  *kg 
-3.1103x10  ’kg 

-  1.5552x10  *kg 

-  0.45359  kg 

-  0.37324  kg 
.  100.00  kg 

-  1.2960x10  ’kg 

-  14.504  kg 
-0.029167  kg 

-  1016.0  kg 
-007.18  kg 

-  1.0000*  kg 

13  Mass  per  unt  Mnqth 

1  denier 

.  1  1111  xiO  ’  kg/m 

1  tax 

-  I.OOOO’xlO  ‘kg/m 

14  Mass  per  unt  tana 

1  perm  (0  C| 
t  perm  in  (0^) 

1  Ib/h 

=  5.7214x10  "kg/Pasm* 

=  1  4532x10  '*  kg/Pa  s  m 
=  1.2600x10  *kg/s 

1  Ib/hph 

1  ton  (shor1)/h 

-  1.6897x10  ’kp/J 

-  0.25200  kg/s 

15  Power  . 

t  Btu  (int  )/h 

1  Btu  (int)/s 
t  Btu  (thefmochem,)/h 

1  cal  (thermochem  )/s 

1  force  de  chevai 

1  erg/s 

1  tt  it)l/h 

1  horsepower  (550  ft  ibi/s) 

-  0  29307  W 

-  1055  1  W 
.C292  88W 
-4.1840*  W 

-  735  5  W 

-  1  0000*x10  ’  W 
=  3  7662x10  *W 
=  745  70  W 

1  horsepower  (boilaf) 

1  horsepower  (alectnc) 

1  horsepower  (metric) 

1  horsepower  (water) 

1  horsepower  (U  K  ) 

1  too  (refrigeration) 

Star.  M„  =  0  radiation 

Solar  luminosity 

-  0809.5  W 
»  746.00*  , W 

-  735.50  ;V 
.  746.04  W 

-  745.70  W 

-  3516  8  W 

=  2  97x10’*  W 
-3.826x10**W 

16  Pressure  or  stress  (force  par  urat  area) 

1  atmosphere  (standard)  =  lOt  325*  Pa 

1  atrriosphere  (technical  =  98  066  5*  Pa 

=  1  kgt  cm*) 

1  bar  =  100000*  Pa 

1  cm  Hg(CrC)  =  1333  2  Pa 

1  centin«ter  of  water  (4*0  =  98  064  Pa 

1  dyne.' cm*  =0  100  00*  Pa 

1  foot  of  water  (39  2T)  =  2989  0  Pa 

1  gf'cm*  =  96  0665*  Pa 

1  inch  ol  mercury  (32T)  =  3366  4  Pa 

1  inch  of  water  (39.2T) 

1  kgf/cm* 

1  kip./m  *  (ksi) 
t  millibar 

1  newton/cm* 

1  pourxJalrft* 

1  Ibfrlt* 

1  Ibf/in  *  (psi) 

1  torr  (mm  Hg,  O^C) 

=  249  08  Pa 
=  98  066  5*  Pa 
=  6.8948x10*  Pa 
=  100.00*  Pa 
= 10000*  Pa 
=  1.4882  Pa 
=  47  880  Pa 
=  6894  6  Pa 
=  133  32  Pa 

Ternpraatum 

Degree  Celssus 

Degree  Fahrenheit 

Degree  Fahienhert 

Degree  Rankine 

Kelvin 

7.  =  t^  *  273  15 
t^  =  (t^  -  32)/l  8 
r.  =  (f,  .*  45967)/1  8 

r,  =  r../i8 

t^  =  r.  -  273  15 

Triple  point  of  natural 
water 

Elementary  temperature 
(c6/r,*)  , 

Temperature  of  1  eV 

=  273  16  K 
=  8  1262x10"  K 

=  1 1  605  K 

18  Time 

1  oa< 

1  da,  (sidereal) 

1  ho.r 

1  hoji  (sidereal) 

=  86400*  s 
-86164  s 
=  3600  0*  S 

-  3590  2  S 

1  year  (sidefeni) 

1  year  (tropical) 

1  etomic  second  (s,) 

=  3  1558x10’ s 
=  3  1557x10'  S 
=  9192631770 
'“Cs  cycles 
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1  rnmut* 

^  60  000*  S 

1  atomic  unit  (1st  Bohr 

.12.4189x10  ''  s 

1  second  (Sidereal) 

»  0  99727  s 

crbit/2!r)  (To) 

1  year  (365  days) 

-  3  1536*  ir  to'  S 

Jordan's  elementary  tune  (r,/c) 

=  9  3996x10  "s 

19  Torque 

• 

1  dynecm 

=-■  1  0000*  ■  to  ’  N  m 

1  Ibl  m 

=  0  '1296  N-m 

)  m 

9  8067  N  m 

1  Ibilt 

>  1  3556  N-m 

1  02(  in 

0  0070616  N-m 

20  Velocity 

' 

1  It'S 

=  0  30480*  m/s 

1  AU  per  year 

s  4.7406  km/a 

1  in  /s 

.=  0  02540*  m/s 

1  parsec  per  year 

»  9.7781  X  10*  m/s 

1  km/h 

=-  0  27778  m/s 

Electron  in  orbit 

=  2  1877x10*  m/s 

1  knot  (international) 

=  0  51444  m/s 

1-eV  electron 

=  5.9309x10*  in/s 

1  mi/h  (international) 

i.  0  44704*  m/s 

Angular  velocity  ol  Earth 

1  m/s  (mternational) 

=  1609  3  m  i's 

on  Its  axis  ' 

=  7  2921 X 10  *  rad/s 

1  mi/h  (international) 

-  1  6093  km/h 

Mean  angular  veloctty  of 

Velocity  ol  hght  (cl 

=  2  9979  •  10*  m/s 

Earth  m  its  ortil 

=  1,9910x10  'rad/s 

21  Viscosity 

t  centipoise 

=  1  0000*  .  10  ’  Pa  s 

1  ib/ft-s 

=  1  4882  Pa  s 

1  centistokes 

=  1  0000*  ■  10  »  mVs 

1  Ibl  s/ip 

=  47  880  Pa  s 

1  It’ s 

=  0  092030  m'/s 

1 1bl  s/m ' 

=  6894  8  Pa  s 

1  poise 

=  0  10000*  Pa  s 

1  rhe 

-  10.000*  (Pa-s)  ' 

1  poondal  S/It' 

'  =  1  4882  Pa  s 

1  shig/lt  s 

=  47  880  Pa  S 

1  ib/lth 

=  4  1  338  .  to  *  Pa  s 

1  stokes 

=  1.0000*x10  *  m*/S 

22  Volume 

1  acre-loot 

=  1233  5  m* 

1  It* 

=  0028  317  m* 

1  barrel  (oil.  *?.  gal) 

0  15899  ml 

1  gallon  (Canadian  bquid) 

=  4  5461 . 10  *  m* 

1  barrel  (bbi)  liquid 

=  31  to  42  gallons 

1  gallon  (U  K  liquid) 

=  4  5461  X  10  '  m* 

t  barrel  (bbi)  standard 

lor  Iruits.  vegetables 

=  7056  cubic  irtches 

t  gallon  (U  S  dry) 

=  4  4049  X  10  *  m* 

and  other  dry  commodities 

105  dry  quarts 

1  gallon  (U  S  hq^) 

=  3  7854 .10  *  m’ 

except  cranberries 

=  3  281  bushels,  struck 

t  gill  (U  K  ) 

=  1  4207  X  10  *  m* 

measure 

1  gill  (U  S )  ' 

=  1  1829. 10  *  m* 

1  barrel  Ibbi).  standard. 

=  5826  cubic  inches 

t  m  1 

-  1  6387. 10  *  m* 

cranberry 

=  86JJ  dry  quarts 

1  hter 

=  1  0000*  X  10  ’  m* 

=  2  70S  bushels,  struck 

1  oui.ce  (U  K  fluidi 

=  2  8413x10  »m* 

measure 

1  ounce  (U  S  fluid) 

=  2  9574 .10  *  m* 

1  board  tool 

=  2  3597  .  10  '  m’ 

t  cubic  parsec 

.  2  9380. 10*  m* 

1  bushel  (U  S  1 

3  5239  .  to  '  m' 

1  peck  (US) 

=  8  8096x  10  *m’ 

1  bushel  (bu).  struck  mea¬ 

1  pmt  (U  S  dry) 

=  5  5C61 . 1C  *  m’ 

sure  (U  S ) 

--  2150  42*  in  ’ 

1  pmt  (U  S  bquid) 

=  4  7318  10  *  m’ 

1  busnei.  heaped  (U  S 1 

-  1  278  bushels  siruck 

1  quart  (U  5  dry) 

=  1  1012  >  i0  ’  m* 

measure 

1  quart  (U  S  bquid) 

=  9  4635  -  to  *  m’ 

1  bushel  (bu)  struck  mea 

=  1  032  0  S  bushels. 

t  stere 

=  1  0000*  m’ 

Sure  (British  Imperial) 

struck  measure 

Solar  volume  (4!rTf^  /3) 

=  1  4122. 10"  m’ 

1  cord  (cd)  (lirewood) 

128-  It’ 

1  tablespoon 

=  1  4787 .10  *  m’ 

1  Cup  (measuring) 

2  3659  -  to  *  m' 

1  teaspoon 

=  4  9289 .10  *  m’ 

1  dram  (U  S  fluid) 

.  3  6967  .10  *  m’ 

1  ton  (register) 

=  2  8317  m’ 

1  drachm  (U  "<  fluid) 

3  5516  ■  10  *m' 

1  yd’ 

=  0  7S4  55  m' 

t  flujd  ounce  (U  S  )  ^9574.10  ‘'m' 


a{»5:a  m  m  sss 


Tahlc  A-  5.  Ptixim:  nh\Mi.il  ‘ 

tMTS,  CONSTANTS,  AND  CONVERSION  FACTORS 

Q^t.ty 

Symbol  (anpietsiuni 

Value  m  SI  tcgsl  unitt 

Enor  (ppm) 

'  ’  S0««<)  0*  >"  ••Cuum 

c 

2  99/  924  58  .  to*  m  t  '('0'"  cm  tec  ') 

0  004 

2  Ei«"’*nH'y  cft«»g« 

0 

1602189  2.10  'CdO  ’''emu) 

29 

(4  803  242  .  to  ciul 

29 

3  Planck  %  conilarl 

h 

8626  176.10  **Jl(10  ’’ergsec) 

54 

8  «.  2.T 

1054  568  7.  10  >*31  (10  ”  erg  tec) 

54 

4  El«Ctron  rail  matt 

■m. 

0  9l0  95i4.l0  “  *9(10  ’’gm) 

51 

S  AvogaO'O  conttani 

N. 

6  022045. 10”  mot  ’  (10”  mol  '1 

51 

fvcent  V*tut 

6  022  097  8. 10”  mot  ’  tIO”  mol  ') 

10 

6  Moia>  gat  constant 

R 

8  314  41  •  10^  jmoi  'K  '  |10’ erg  ntol  '  "K  ') 

31 

7  Bott}mar»n  constant 

k  UN, 

1  380  662.10  ”JK  '(10  "erg’K  ') 

32 

8  CVavtationai  constant 

a 

66720*  10  '' Nm’lig  ’(10  *0yocm’gm  ’1 

6’ 5 

9  Moia>  votuma  (?73  1^  'K 

P  t  itm» 

V..  0. 

22  413  63*  10  ’m’rnol  '(10’ cm’ mol  ') 

31 

to  Eataoav  constant 

P  11^  N,» 

6646  456.  10*  C mol  '(la’emumol  ') 

28 

1 1  AyOecrg  constant 

N,  «(4».d  '(/n.a‘/4»8 

’d  .  1  097  373  177.  10’ m  '  (10*  cm  ’» 

0  07 

r«C«n|  vaHM 

1  097  373  147  6. 10’ m  '  (10*  cm  ') 

0  0003 

12  Pin*  S1ruclu»e  constant 

a  '  «  |4w*(J(8c/a’) 

137  036  04 

oil 

recent  «aKie 

137  035  963 

1 3  DattKa:  ctcctron  radwt 

(Awtol  '(•’rni.ir^ 

28179380.10  '*  m  (10  '’cm) 

25 

14  So«c>tc  electro"  marge 

1  756  804  7  .  10"  C  *9  '  (10' emugm  ') 

28 

18  Electron  Con^ton  oairelengtn 

r.  ^  n  'r^ 

3  861  590  5. 10  '’m(10  "  cm) 

16 

16  BOW  raOus 

ar.«.r  ’<■. 

052917706.  10  m  (10  'em) 

062 

17  Magnetic  tui  quantum 

♦„  »  Id  '{Hcf20t 

2067  6506.10  ’»Tm»(l0  ’  G»cm») 

26 

h/0 

4  135  701.10  '’jtC  ’(10  ’erg sec-emu  ') 

26 

16  Quantum  ot  cwcuiat«n 

3636  945  5.  10  *JHz  'kg  '  (10°  argtecgm 

’) 

1  u 

t9  Atomic  mass  unit 

1  u  n  gmmal  ' 

1  660  565  5  .  10  ”  kg  (10  ’*  gm) 

bl 

20  Proton  reit  matt 

m. 

1672  646  5.10  "kg  (13  "gm) 

5  1 

1  007  27*  470  u  (amu) 

0011 

1636  151  52 

036 

21  Ktaulron  rett  mits 

P»- 

1674  954  3.10  ”kg(l0  >*  gm) 

5  1 

•  ' 

1  006  66^012  u  lemuk 

0037 

22  Electron  g  lector 

1001  159656  7 

00035 

recent  waiue 

1001  tS9  6S2  200 

00004 

23  Botw  magneton 

a.  »  |c|(a*/2m.c) 

9  274(178.  10  “JT  ’(10  ’’argOt  ) 

39 

24  Nuclear  magneton 

II  (el(e8/2m,o 

5050824.10  ”JT  ’(10  "argGt  ’) 

39 

25  Electron  magnetic  moment 

9264832*  10  ”31  ’(10  ’’argGt  ’) 

39 

26  Proton  magnetK  moment 

1410617  1.10  ”37  ’(10  ’’argGt  ’) 

39 

P.'P. 

'  656  2100860 

0010 

2^  Proton  gyromagnetic  ratio 

7» 

2  675  196  7 .  10*  rad  t  ’  T  ’  (10*  rad  tec  ’  Gt 

’) 

26 

26  Stetan  BoriTmann  constant 

n  n  (r''60|4:‘  (Pc' 

5670  32.  10  ‘Wm  ’K  *  tIO  ’erg  tec  ’em 

”K 

*)  125 

29  PirtI  reiaation  constant 

e,  u  2irnc' 

3  741  832.10  "Wm’dO  ’argtec  ’enP) 

54 

X  Second  raaaiion  constant 

e,  «c  A 

1  438  786 . 13  '  mK  (10°  cm’K) 

31 

Cnarty  enutwalentt 

Quantity 

Symbol  (e>orett«n) 

Value 

Enor  (ppm) 

Alonwc  matt  unit 

U 

931  501  6  MsV 

26 

Proton  mess 

m. 

938  279  6  Me' 

28 

Neutron  mess 

m. 

939  573  1  MeV 

26 

Electron  mats 

ni. 

0  511  003  4  MeV 

28 

E»eCtron  iro*t 

t  ev  * 

11804  50  K 

31 

1  ev 

8065  479cm  ' 

26 

1  ev 

2  417  969  6 . 10  *  M  .» 

26 

t  ev 

1  802  189  2 . 10  ■’  e  gt 

29 

Plane*  s  conttant 

« 

6  582  173  .  10  ”  MeV  sec 

?e 

Ac 

1  973  285  6  ■  10  "  MeV  cm 

(80’ 

0  389  385  7  GeV-’  rtib 

52 

^V)ber9  constant 

«  nc 

13  605  804  eV 

26 

Voitage-naveieogin  oroduct 

12  398  520  ev  A, 

26 

Gas  co^t**** 

/? 

1  987  19  ceimol  '  'K  ’ 

31 
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